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Information Technology (IT) can exploit strategic opportunities for new ways of 
facilitating information and data exchange and the exchange of expert and specialist 
opinions in any field of engineering. Knowledge-Based Systems are sophisticated 
computer programs which store expert knowledge on specific subject and are applied to a 
broad range of engineering problems. Integrated Database applications have facilitated 
the essential capability of storing data to overcome an increasing information malaise. 
Integrating these areas of Information Technology (IT) can be used to bring a group of 
experts in any field of engineering closer together by allowing them to communicate and 
exchange information and opinions. 
The central feature of this research study is the integration of these hitherto separate areas 
of Information Technology (IT). In this thesis an adaptable Graphic User Interface 
Centred application comprising a Knowledge-Based Expert System (DEMAREC- 
EXPERT), a Database Management System (REPCON) and Evaluation program 
(ECON) alongside visualisation technologies is developed to produce an innovative 
platform which will facilitate and encourage the development of knowledge in concrete 
repair. Diagnosis, Evaluation, MAintenance and REpair of Concrete structures 
(DEMAREQ is a flexible application which can be used in four modes of Education, 
Diagnostic, Evaluation and Evolution. In the educational mode an inexperienced user can 
develop a better understanding of the repair of concrete technology by navigating through 
a database of textual and pictorial data. 
In the diagnostic mode, pictures and descriptive information taken from the database and 
performance of the expert system (DEMAREC-EXPERT) are used in a way that makes 
problem solving and decision making easier. The DEMAREC-EXPERT system is 
coupled to the REPCON (as an independent database) in order to provide the user with 
ni 
recommendations related to the best course required for maintenance and in the selection 
of materials and methods for the repair of concrete. 
In the evaluation mode the conditions observed are described in unambiguous terms that 
can be used by the user to be able to take engineering and management actions for the 
repair and maintenance of the structure. 
In the evolution mode of the application, the nature of distress, repair and maintenance of 
concrete structures within the extent of the database management system has been 
assessed. The new methodology of data/user evaluation could have wider implications in 
many knowledge rich areas of expertise. The benefit of using REPCON lies in the 
enhanced levels of confidence which can be attributed to the data and to contribution of 
that data. Effectively, REPCON is designed to model a true evolution of a field of 
expertise but allows that expertise to move on in faster and more structured manner. 
This research has wider implications than within the realm of concrete repair. The 
methodology described in this thesis is developed to provide tecýnology transfer of 
information from experts, specialists to other practitioners and vice versa and it provides 
a common forum for communication and exchange information between them. Indeed, 
one of the strengths of the system is the way in which it allows the promotion and 
relegation of knowledge according to the opinion of users of different levels of ability 
from expert to novice. It creates a flexible environment in which an inexperienced user 
can develop his knowledge in maintenance and concrete repair structures. It is explained 
how an expert and a specialist can contribute his experience and knowledge towards 
improving and evolving the problem solving capability of the application. 
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Introduction 
1.1 Introduction 
Concrete is one of the most versatile of basic building materials worldwide. It is 
durable, strong and will take the shape of the form in which it is placed (Cordon, 
1974). The durability problem of concrete structures is common worldwide, reducing 
the lifetime of structures and proving costly in terms of diminishing building value. 
Over the last decade, there has been considerable interest in the durability and 
maintenance of concrete structures and a wealth of knowledge has been promulgated 
at various conferences. The term "durability" has become a popular generic term in 
the context of concrete structures. ASTM STP 691(1980) states that "Durability is, 
technically and economically, one of the main considerations in selecting construction 
materials and how they should be used. In some cases, the word 'durability' refers 
only to the ability of materials to resist actions such as weathering, corrosion, erosion, 
abrasion, alkali-silica reaction and freezing-thawing. " 
Another definition of durability used by RILEM (1994) states that "Durability is the 
capability of a building, assembly, component, structure or product to maintain 
minimum performance over at least a specified time under the influence of any of the 
group of external factors, including weathering, biological, stress, incompatibility and 
use. " Therefore, it can be concluded that durability is the ability of concrete to resist 
weathering action, chemical attack, physical and mechanical actions and other 
conditions of service. 
Chapter I- Introduction 
Although the two most important requirement of construction works are strength and 
durability, much construction is still not designed for durability. Because of the many 
internal and external interacting influences, engineering problems concerned with 
durability are generally complex. In most developed countries, designing and 
constructing concrete structures of enhanced durability, thereby reducing maintenance 
and repair costs, has been a focus in recent decades and more emphasis has been 
given to the maintenance and repair of existing facilities (ASTM, 1980). 
Concrete repair is a complex process, presenting unique challenges very different 
from those experienced in the field of new concrete construction. Concrete repair 
must successfully integrate new materials with old materials, forming a composite 
capable of enduring the exposures of use, the environment, and time. In the last few 
years, the repair of deteriorated concrete structures has become a significant matter of 
concern for civil engineers and contractors so that an increasing proportion of the 
funds being spent on construction, especially concrete bridges, is used for the repair of 
damaged concrete structures. In addition, a significant number of companies are 
involved in the development and supply or repair products, in damage appraisal, in 
product selection, and in the execution of repair and maintenance techniques. Many 
companies promote themselves as experts in the field of concrete repair. It is not 
uncommon in view of the above for a client to appoint an inexperienced or 
incompetent repair contractor, or to become the victim of an inappropriate repair 
technique (Emmons P. H.; 1993, Evbuomwan et al.; 1994, SERC; 1990). 
According to Evbuomwan (1994) and SERC (1990), the current trend in the UK, 
where concrete repair and maintenance accounts for approximately 40% of 
construction output and is rising every year, makes it very important to avoid a repair 
failure. Failure could arise from poor workmanship, improper design and inadequate 
product selection. A similar situation exists abroad. 
In light of the issues discussed above, therefore, there is an urgent need for the 
optimisation of repair and maintenance costs. These considerations also contributed to 
the basis for the idea of an intelligent repair and maintenance knowledge-based 
system and the idea of an advisory management system and a need to marshal all 
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available data in a common fonnat for repair and maintenance of reinforced concrete 
structures. 
1.2 Motivation 
The use of Information Technology (IT) in construction is becoming increasingly 
sophisticated with virtual reality, knowledge-based systems, database management 
systems, object-oriented approaches and neural networks among the latest 
technological advances (Betts M, 1999). Integrated engineering computing systems 
have evolved into sets of algorithmic programs that interact with a central database 
management system (DBMS) (Howard et al, 1986). Database management systems 
are important in those engineering computing applications where the volume of data 
is very large and where the same data must be shared by several users and programs. 
Engineering computing applications are making increasing use of database 
management systems to provide these capabilities. Knowledge-based programming 
techniques or Expert Systems (ES) are applied to a wide range of design, engineering, 
management and economic problems. The capabilities of expert systems are well 
suited for work in ill-structured problem domains where conventional algorithmic 
methods are impractical and where expert problem-solving knowledge is available. 
Whilst Information Technology (IT) is used in many different forms such as ES and 
DBMS, there is little linking and sharing of information between them. Furthermore, 
most of the prototype expert system applications in engineering could not have been 
linked to unlimited amount of data and have no facility for sophisticated data 
management. The combined use of database management systems (DBMS) and 
knowledge-based expert systems is potentially very valuable for modem engineering 
computing applications. The large body of knowledge usually required in engineering 
information systems can be made available to an expert system through an existing 
commercial database management system. Furthermore, the DBMS itself can be used 
more intelligently and operated more efficiently if enhanced with expert system 
features. 
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Integrating of these two separate areas of Information Technology (IT) can be used to 
bring a group of experts and specialists in any field of engineering closer together by 
allowing them to communicate and exchange information and data. Not only will it 
create a more readily available up-to-date information, it should encourage the more 
rapid development of knowledge and experience in any field of engineering. It will 
allow the industry to realise the benefits which can be gained from coupling 
knowledge-based systems and database management systems in support of the 
redesigned processes. 
1.3 Aim and Objectives 
The present work is motivated by a need to transfer knowledge and expertise from the 
research area of repair of concrete structures and make it available to structural and 
construction engineers so that they may confidently use the repair and maintenance of 
concrete structures in educational and practical situations. Although the repair of 
concrete research programmes have produced a large body of expertise, applying that 
expertise remains difficult for the inexperienced user. There is a need to provide 
technology transfer of information with practical guidance from experts and 
specialists to other practitioners and vice versa. 
The purpose of this research is to explore the coupling of knowledge-based expert 
systems with an independent database management system for the repair of concrete 
structures. Specifically, the research focuses on a radical approach to knowledge 
engineering in which a database is no longer a static resource under the direction of 
one organisation. Rather, it evolves according to informed consensus. In this respect, 
it models the way in which expertise has traditionally evolved. In addition, a flexible 
interface between a knowledge-based expert system and a database management 
system has been implemented to demonstrate the strategies developed for dealing with 
these issues. Each of KBES and DBMS contains knowledge describing its data 
structures and data access methods. 
In this research, the DEMAREC (Diagnosis, Evaluation, MAintenance and REpair of 
Concrete structures) application is developed as a new software to address the issue of 
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the integration of concrete distresses (cracking, surface and miscellaneous distresses), 
investigation and diagnosis problems, repair materials and methods and given 
recommendations relating to durability. DEMAREC is new application and a Visual 
Basic interface in which a multiple rule based expert system (DEMAREC-EXPERT) 
is coupled to the REPCON (as an independent database) and an evaluation of concrete 
program (ECON). The application comprises an Expert System, a Database 
Management System and a Visual Basic User Interface. The Expert System is 
implemented in M. 4, a commercially available expert system shell. The database is 
implemented in Microsoft Access and in the Graphic User Interface in Visual Basic 
running in the Microsoft Windows Environment. 
1.4 Derinition of Terms 
Knowledge-Based Expert System 
Knowledge-Based Expert Systems (KBES) or Expert Systems (ES) are computer 
programs using Artificial Intelligence (AI) techniques which involve human 
knowledge and experience in solving problems. The Expert System comprises three 
main components, i. e. the knowledge base, the inference mechanism and the working 
memory. It can be linked to external application programs such as a Database 
Management System. 
Knowledge Base 
A Knowledge Base is the repository of information relating to a particular domain or 
application derived from a human expert. It comprises documented definitions, facts, 
rules, procedures and objects. 
Inference Mechanism 
The Inference Mechanism, also known as Inference Engine, is the processor in an 
expert system that matches the facts contained in the working memory and the domain 
knowledge contained in the knowledge base to draw conclusions about the problem. 
Working Memory 
The Working Memory of the expert system is used as temporary storage for facts 
discovered during a consultation. Its content alters dynamically and comprises 
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information provided by the user about the specific problem and information derived 
by the system. 
Knowledge Acquisition 
Knowledge Acquisition is a way in which knowledge and problem-solving expertise 
is acquired from some knowledge source and experts for building or extending a 
knowledge base. Primary sources of knowledge for providing some information on 
the given problem include technical publications, published codes of practice, 
standards, domain experts by interview and/or questionnaire, textbooks and case 
histories. 
Knowledge Representation 
Knowledge Representation is the method used to encode knowledge in an expert 
system's knowledge base. Knowledge in expert systems can be represented in many 
various systems such as rule-based, semantic network, frame and objected-oriented. 
Reasoning Techniques 
Reasoning or Inferencing is the process in expert systems that controls the selection 
and use of knowledge and the facts in the knowledge base to draw conclusions about 
the problem. It achieves by using one of the two main reasoning processes known as 
forward chaining or backward chaining. These techniques represent the direction of 
the search through the knowledge base. 
Searchinc, Strateuies 
Searching is the process of problem solving in expert systems in which a particular 
solution path is preferred over the other. In this process, a set of possible solutions is 
sought by traversing a state space. The state space is a tree or graph containing nodes 
and arcs or links used for searching for solution to a given problem. The nodes 
represent possible problem states and the links possible paths between states. Two 
different search strategies can be adopted comprising the depth-first search and the 
breadth-first search. 
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Expert System Shell 
Shell is an expert system development package that has inference mechanism, 
working memory and perhaps other expert system development facilities without 
having the knowledge base. 
Database Management System (DBINIS) 
Database Management System (DBMS) is a computer application which manages all 
interactions with a database. A database is a structured repository collection of 
information and data sharable between different users. The data of which could be in 
the any form of text, numbers or pictures. 
Data Alodel 
Data Model is a general architecture -for data organisation made up of three 
components: a set of data structure, a set of data operators and a set of inherent 
integrity rules. The proposed data models include record-based data models such as 
relational data model and object-based data models such as object-oriented data 
model. 
Expert Database System (EDS) 
Expert Database System (EDS) is used in a number of different senses: 
>A system formed from the combination of an expert system with a database 
system. 
> An expert system enhanced with database management facilities or a database 
system enhanced with a deductive component. 
> An advanced database system employing new architectures for knowledge 
representation. 
> Any system lying at the interaction of Artificial Intelligence (AI) and database 
work. 
Graphic User Interface (GUI) 
The Graphic User Interface (GUI) is a system of screens and dialog boxes through 
which the user interacts with the internal workings of the program. It enables the user 
to input the data required by the program and receive the output from the program. 
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1.5 Organisation g 
The remainder of this thesis is organised into the following Chapters: 
Chapter 2 presents the general problems of the maintenance and repair of 
concrete structures. In this Chapter it is shown how each of the 
topics in the repair of concrete can be developed into a database and 
how those topics contribute to an intelligent repair and maintenance 
knowledge-based expert system. 
Chapter 3 introduces an overview of knowledge-based expert system 
technology, its principles, development environments and MA as a 
development environment used in this research. In this Chapter 
expert system technology used in structural design and particularly 
used in the repair and maintenance of concrete structures is 
presented. 
Chapter 4 discusses the background to database management systems, the 
evolution of the technology and current development environment. 
In this Chapter various architectures for interfacing knowledge- 
based expert systems with database management systems are 
reviewed. 
Chapter 5 presents data survey methods and discusses procedures adopted in 
developing a questionnaire for the eliciting of knowledge. 
Chapter 6 presents the interface of the DEMAREC application and its 
components for the integrated approach to the diagnosis, evaluation, 
maintenance and repair of concrete structures. An overview of the 
interface and its interaction with expert systems, database and 
evaluation program is discussed. 
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Chapter 7 describes the REPair of CONcrete (REPCON) database developed 
as part of the application. It is shown how the REPCON 
management system is designed to be an effective support tool for 
experts and specialists whose data can be evaluated to ensure that 
the evolving database retains its integrity. 
Chapter 8 describes the DEMAREC-EX? ERT system component of the 
application. This part of the application is created to disseminate the 
knowledge of concrete distresses and recent advances in concrete I 
repair problems. In addition, the knowledge acquisition process is 
also discussed. 
Chapter 9 describes the Evaluation of CONcrete (ECON) component of the 
DEMAREC application. In this Chapter an inspection procedure and 
rating method for evaluating the physical condition and performance 
of concrete structures is presented. 
Chapter 10 discusses the evaluation of the DEMAREC application and its 
implementation and presents conclusions and possible future 
directions in this area of research. 
This research has wider implications than within the realm of concrete repair. The 
research creates a flexible environment in which an inexperienced user can develop 
his interest in concrete repair technology while an expert can contribute his 
experience and knowledge towards improving and evolving the problem solving 
capability of the application. Indeed, one of the strengths of the system is the way in 
which it allows the promotion and relegation of knowledge according to the opinion 
of users of different levels of ability from expert to novice. The methodology 
presented in this research can be applied in any area of expertise which is knowledge 
based. 
'eltaA&1ý12 
General Problems in the Maintenance and 
Repair of Concrete Structures 
2.1 Introduction 
The repair of concrete structures requires much greater attention than may be 
necessary for new concrete construction (USACE, 1995). These considerations result 
from the necessity for an accurate assessment of structural conditions and cause(s) of 
distress, the degree of expertise required for the repair design and specification, the 
variety of site operations which involve highly specialized construction techniques 
and the selection of repair materials and methods. The investigation, maintenance and 
repair of a concrete structure must be considered concurrently. 
In the light of the above, there is a need for gathering available information and data 
in the maintenance and repair of concrete structures in order to arrive at realistic and 
proper diagnosis of the cause(s) of the distress, to provide expertise advice on material 
selection and to enable adequate repair techniques. These considerations also 
contributed to an intelligent repair and maintenance knowledge-based system for 
reinforced concrete structures. This Chapter aims to discuss the issues that need to be 
considered in the development of such an intelligent advisory system (discussed in 
Chapters 3 and 8) in collaboration with a database management system. 
In this Chapter, the general problems of the maintenance and repair of concrete 
structures are presented. It begins by examining the current needs in the construction 
industry which would cover the various types of structure and construction and then 
Chapter 2- General Problems in the Maintenance and Repair of Concrete Structures II 
discusses the possible concrete repair problems currently encountered while 
considering the various causes, symptoms and manifestations of concrete problem. It 
also includes information on how to conduct an evaluation of the concrete in a 
structure. One of the main focuses of this Chapter is to describe the various materials 
and methods that are available for repair or rehabilitation of concrete structures. Each 
of the topics in this Chapter has been developed into a database for the repair of 
concrete structures. This is explained in discussed in Chapters 4 and 7. 
2.2 Types of Structure 
Integrity and durability problems generally affect any type of concrete structure. 
Amongst factors such as the history of the structure and its use and location, it is 
imperative to consider the possible types of concrete structure that might be in need to 
repair. Such structures include: 
Reinforced concrete buildings such as public, industrial or residential, bridges, 
concrete canals; retaining walls and bulkheads, dams and barriers, car parks, hydraulic 
and marine structures such as offshore concrete platforrns and jetties and so on. Types 
of structure are listed in Figure 2.1. 
2.3 Types of Design and Construction 
One of the factors to be considered in the repair and maintenance of concrete 
structures is the type and nature of the construction of a concrete structure. The final 
choice of repair strategy will depend on it. General classifications can be used on in- 
situ, precast, unreinforced concrete and a combination of these systems (Figure 2.2). 
2.4 Types of Structural Element 
Structural members are subject to an inevitable repair program, depending on the type 
of structure and level of impairment. Structural elements can be classified into floor 
and roofing systems (beam, slab and connection), wall, column, deckslab, pedestal, 
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pier, abutment, pile, foundation, joint related and segment. They can be also used in 
variOLIS combinations of geometry, size, design and constrLICtion. 
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2.5 Constraints to Concrete Repair and Maintenance 
Restoration projects are usually subject to numerous and complex constraints which 
need to be taken into account amongst others factors. By comparing Tracy's et al. 
(1989) works with Evbuomwan and Anumba (1994), it can be concluded that such 
constraints can generally be classified relative to the following conditions: 
(a) Site access - in relation to movement of workers, materials, and equipment into 
and out of the facility. Simple access into the structure of buildings is also 
markedly affected in the repair and maintenance of reinforced concrete structures. 
(b) Current operations and usage of structure during restoration project. 
(c) Scheduling - programming the most appropriate time to carry out repairs. 
(d) Availability of skills and expertise. 
(e) Availability of testing and investigation equipment. 
Therefore, before finilizing the selection of the repair material and the application 
method, the system's constructibility must be checked. To determine constructibility, 
the following questions should be addressed: 
" Can it be built within the constraints specified by the engineer and the owner? 
" Will the specified installation technique allow the repairs to go into service within 
the time specified? 
* Is the working environment conducive to the specified installation technique? 
* Are experienced contractors available for the project? 
If the answer to any of these questions is "no" or "maybe", then the choice of repair 
material and method should be reassessed (Emmons, 1993; ICRI, 1992). 
2.6 The Conditions Contributing to Lack of Durability 
Inappropriate design and construction methods often cause concrete structures to be 
affected by lack of durability, integrity and serviceability. These conditions can occur 
at any time in a structure's service life. Definitions and terins are defined by The 
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Concrete Society (2000), Emmons (1993), FIP (1991), ASTM (1980), RILEM (1994), 
Tracy (1989), Allen (1993), and Campbell (1991). They emphasise and represent 
conditions of damage, defect, deterioration and degradation of concrete structures 
under various factors. Overall, it can be concluded that these conditions can be 
classified broadly into defect, damage and deterioration. 
9 Defects are usually impainnents of a structure as a result of structural errors, 
materials and faults or error of design. Defects often occur early in a structure's 
life and these impairments are revealed at the first investigation. 
Damage is impairment of a structure caused by external mechanical factors while 
a structure is in service. 
* Deterioration in a concrete structure can emerge in the event of structural 
weakness and usually influences concrete members after the structure has been 
completed and it is in service. It demonstrates the commonest of concrete 
problems, but generally emerges in a slower process than defects or damage. 
2.7 The Causes of Defect, Damage and Deterioration 
According to Emmons P. H. (1993) and RILEM (1994), Tracy et al (1989) and 
Waddell (1980), concrete can be defective for several reasons including inadequate 
design and analysis, error in construction owing to general poor workmanship and 
unsuitable materials selection and construction method. Causes of concrete defect are 
shown in Figure 2.3. 
Concrete can also deteriorate or be damaged in use. Damage can be caused by fire 
(Figure 2.4), natural calamities such as earthquake and flood; impact; abrasion of floor 
slabs or marine structures and explosion (Figure 2.5). The nature and extent of the 
damage depends on the severity of the causative agent (Allen, 1993; Evboumwan et 
al., 1994; Mallett, 1994; Tracy et al., 1989). 
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Deterioration of concrete structures can be classified in three categories: physical, 
chemical and combined phvSical-chemical causes. For example, a concrete crack 
owing to expansion caused by corrosion of steel reinforcement can take place at tile 
last category (Figure 2.6) (Perkins, 1997). So many researchers and aLithors such Lis 
Campbell (1994), EvbOLImwan et al. (1994), NIallett (1994), Tile Concrete Society 
(2000), RILEM (1994), Tracy et al. (1989) and Waddell (1980) assert nurnerOLIS 
causes of concrete deterioration. Some of these causes include factors Such as 
freezing-thawing, sulphate and chloride attack, corrosion of rein forcernent, 
carbonation, leaching, inadequate cover of reinforcement and alkali-silica reactions 
(ASR) of aggregate (Figure 2.7). Causes of concrete deterioration are shown in Figure z= Zý 
2.8. 
2.8 Manifestations of Defect, Dania4,., e and Deterioration 
-micralk matill-Cst theniscIves in the form of honcycombing, dISCOIOUration, 1: 1 
cracking, segregation, bleeding, channel, scaling and disintegration, abnon-nal 
Chapter 2- General Problems in the Maintenance and Repair of Concrete Structures 17 
deflection and so on, as shown in Figure 2.9 (Evboumwan et al., 1994; Tracy et al., 
1989). Symptoms of damage of concrete structure include Surface cracking, spallim, 
and popouts, deflection and curling and warping, scouring and pitting (FI-I-'Ure '-'. 10). 
pPPPO' 
P, 
Fiaure 2.6 - Cracking ov,, ino, to severe corrosion ot'i,: ý: in concrete COILIIIIII. to, 1: 1 
Figure 2.7 - Map cracking typical oCAlkall-Sillea Reaction (ASR. ). 
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The various symptoms and manifestations of deterioration of concrete structure 
include physical, chemical or combined physical -chemical causes. A list of some 
common symptoms owing to concrete deterioration include the following: internal 1: 1 1-: 1 
expansion and cracking, pitting, dusting, corrosion of reinforcing bar, scalirig" and 
gration, spalling and popouts (Figure 
2.11) (Emmons, 1994; EvbOUrnwan et al., disinte, 
gure 1994). These symptoms are shown in Fig ". I 
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Figure 2.8 - Causcs oCconcrete deterioration. 
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2.9 Investi(gation and Diagnosis of Defect, Damage and 
Deterioration 
Before deciding, on any repair work, the cause of impairment must be diagnosed as 
clearly as possible. Sometimes the cause is obvious, but as a rule careful investigation 
is required. Only then should the method of repair be chosen (Allen, 1993). A 
thorough and logical investigation of the current condition Of the Structure is the 1-ii-st 
step of any repair or rehabilitation pr ject. According to Emmons P. H. (1993)) and Oj C. ) 
Waddell (1980), the process leading to an effective and durable repair is diagnosis, 
prognosis or evaluation of the impairment, progressing thrOU, (YDh Selection of materials 
and method, preparation of the damaged area and application of the repair. A 
successful repair program on the foregoing basic steps is sho'wn in Figure 2.13. 1ý 11.1: 1 1=1 
Step 1 
I DIAGNOSIS 
PROGNOSIS 
Feasibility 
If Yes 
Step 3 
SCHEDULING 
Step_4-\-ýý- 
SELECTION OF 
METHOD 
Step 5- 
PREPARATION 
APPLICATION 
If No 
Figure 2.13 -B as ic steps oC a concrete repair program (Waddel 1,1980). 
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It is very important that a correct diagnosis of the cause of impairment be made 
because an incorrect diagnosis can lead to the selection of an inadequate repair 
method that could lead to premature failure of the repair. Correct diwnosis should 
lead to selecting Sound materials, thorough preparation and proper application method 
alonizslde consideration of compatibility of repair materials and existing concrete to 
have a durable repair system. Factors affecting satisfactory repair are shown Fig i"Ure 
2.14 (Emmons, 1994; Waddell, 19SO). 
CORRECT 
DIAGNOSIS 
LEAD TO 
Preparation 
LEAD TO 
A 
Satisfactory 
Repair Process 
With 
Adequate Repair 
System Design 
Proper 
Application 
Strength Durability Appearance Economy 
Fioure 2.14 - Satist"actor. - rcpair \Nith the necessarý, basic requirements (Waddell, 6- 
1980). 
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2.10 Diagrposis 
There is a very wide divergence of opinion and practice as to when concrete structures 
should be subjected to regular inspection. The evaluation of concrete structures can be 
either a reactive or proactive process. Generally, evaluation takes place as a result of 
some visible signs of distress, causing structural and/or durability concerns of poor 
functional performance, which, in turn results in safety concerns. The procedure for a 
typical diagnosis of the concrete structure is shown on the flow chart in Figure 2.15. 
This includes in-situ inspection, testing and the taking of samples, laboratory testing 
and analysis, and a review of documents of construction operation (Emmons P. H., 
1993; Perkins, 1997; Waddell, 1980). 
The objectives of diagnosis will generally be a review of the available design and 
construction documentation, a review of the operation and maintenance records, a 
visual inspection, an evaluation of the structure by non-destructive testing (NDT) 
means, a laboratory evaluation of the condition of concrete specimens recovered from 
the structure, and fmally a report and feasibility study of the prognosis (Figure 2.16). 
In terms of background information, the engineer should obtain as much information 
as possible about the structure including construction reports, specification and 
drawing, and gaining of information from engineers, contractors and client. This 
information should be in the hands of the engineers before they make their visual 0 
inspection, although it is very hard to obtain, especially for old buildings (Perkins, 
1997). 
Concrete evaluation is not limited to studies of its physical condition, mechanical 
properties, chemical make-up, and external manifestation. Understanding its 
interaction with the environment is equally important. In many cases, the cause of a 
concrete problem is related to a service or exposure condition. Any thorough 
investigation starts with a visual inspection which will usually involve an overall 
survey of the structure. Key indicators of problem may include the features of 
impairment such as cracking, surface distresses (spalling, scaling, disintegration and 
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honeycombing), water leakage, discolouration and rust staining and makirig some 
photographs. Typical concrete members of each category of defect, damage and 01 
deterioration can be selected for detailed study. The preliminary inspection of the 
structure may show that the structure's impairment would not amount to a structural 
weakness and the structure does not require strengthenin(l (Emmons P. H., 1993); 
Perkins, 1997). 
Visual 
Inspection 
Preliminary Data Plan Investigation 
on Structure o: Arrangement for 
Processes Access 
Review of Documents 
- Construction Report 
- Specifications 
- Drawing 
Information from 
Engineers 
Contractors 
Client 
Overall Survey 
and Selection of 
Areas for 
Detailing Study 
Performance of 
In-Situ N. D. T. 
Tests 
Samples (Cores 
and Drilling) 
-\-V 
Laboratory 
Testing and 
Analysis and 
Interpretation of 
Data 
Report and 
Feasibility of 
Prognosis 
Figure 2.15 -FI ow Chart for a typical diagnosis of distress in concrete StrLlCtLire. 
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DIAGNOsls 6 
Visual Inspe22jn A Review of Performance of 
Document In-Situ Tests 
Performance of 
LaboratoryTests 
Report and 
Feasibility of 
Prognosis 
Figure 2.16 - The objecti-ves of investigation and diagnosis of dama,, ged concrete 
stnictures. 
The purpose of non-destructive testing (NDT) is to determine the various relative 
properties of concrete such as strength, modulus of elasticity, homogeneity, and 
integrity, as well as conditions of strain and stress, Without damaging tile structure. 
Selection of the most applicable method or methods of testing will require good 
judgement based on the information needed, size and nature of the pr ject, site 01 
conditions and risk to the structure. The commonly used non-destructive testing 
techniques for the evaluation of in-situ concrete include the Schmidt hammer test 
(Figure 2.17), carbonation depth, crack microscopic examination, covenneter test, 
]Ultrasonic Pulse Velocity (Figure 22. IS), 
drilling in depth for chloride and sulphate 
ions content and half-cell potential test (Figure 2.19). Test methods are also classified 
into those used to assess in-place strength and those used to locate hidden defects. It 
may be possible that the engineer will take some core samples in this stage in order to 
do some tests in laboratory (ACI, 1996; Allen, 19933; BUngey, 1989; Mallett, 1994; 
Perk-ins, 19977; USACE. 1995). 
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Figure 2.17 - Schmidt iýi, i i,, ii tý: cordmk, type 
(lower). 
Figure 2.18 - Ultrasonic Pulse Velocity method used for the evaluatioil of' in situ 
concrete. 
The laboratory work will include some standard tests to determine the physical and 
mechanical properties of the concrete such as compressive and tensile strenoths; 
density and permeability; and chemical analysis such as pH content; chloride and 
sulphate ions to characterise the nature of attack. All of the issues discussed above are 
shown in Figure 2.20. 
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Figure 2.19 - Nfulticell for half- cL211 potentml mcasm-cwý2ilt. 
2.11 Pro2nosis 
After detection, the importance of concrete defect, damage and deterioration must be 
evaluated, in order to determine the necessary action to be taken (Gemert et al., 1988). 
At this point, it must be decided whether the structure can be repaired or not. In order 
to answer this question, a (Yeneric rating system should be made for the different forms 
of defect, damage and detenoration of concrete structure depending on the type of 
structure, design and construction, type of structural elements and causes of concrete 
problem. 
As an important part of repair and maintenance strategies, efforts have been made to 
classify the degree of the particular concrete impairments. Gernert et al. (1988) in their 
ratincy SULYIICSt four categories for the evaluation various levels of darnage. Zý - -- - 
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They are: 
Category (I) - Loss of safety against collapse. 
Category (ID - Loss of durability. 
Category (III) - Damage to exterior appearance. 
Category (IV) - Effect of damage of small importance. 
In another rating model, Sabnis et al. (1990) carried out a rating for a particular 
building in New York City. This was a numerical system to rate the load-carrying 
elements in 9 levels, with I representing a hazardous element that needs to be 
removed, whilst 9 represented both a non-applicable and unknown situation. 
From a study of previous work, it can be concluded that concrete impairment can be 
classified into three main categories as follows: 
Cate-g-ory - Lack of strengthening (Major) 
(a) Defect owing to improper workmanship and unsuitable construction method. The 
concrete skin can be cracked or disintegrated. 
(b) Damage owing to natural calamities, fire, settlement, abrasion, explosion, and 
impact. 
(c) Deterioration owing to continuous corrosion by water, acids or frost action. 
Catggor Lack of durability (Moderate) 
(a) Defect due to unsuitable materials. 
(b) Damage due to shrinkage, creep, punch-out. 
(c) Deterioration of concrete skin can be cracked or delaminated by physical causes 
such as insufficient cover, permeability of concrete, or by chemical causes such as 
sulphate and chloride attack, carbonation and de-icing salts, or by 
physical/chemical causes such as freezing-thawing, corrosion of steel and alkali- 
silica reaction. 
Catezo! y - Impairment to exterior appearance and small impairment (Minor) 
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(a) Defects can be by poor concrete specification and quality. 
(b) Damage can be by thermal incompatibility and temperature changes. I 
(c) Deterioration resulting from surface popouts and cracking, incomplete curing and 
joint deterioration. 
2.12 Compatibility of Concrete Repair Materials 
The choice of adequate repairing materials for a satisfactory repair program is usually 
more involved and imperative than it is for new constructi on. The range of common 
materials used is usually broader than just ordinary concrete materials (reinforcing 
steel and Portland cement). Hence, the rehabilitation engineer has to be concerned 
with the compatibility of the various materials with each other and with the existing 
substrate (Tracy et al., 1989). According to Tracy's work (1989), the properties of 
cementitious materials, as modified by polymers or other admixtures, should be 
considered. These properties include for example compressive and shear stresses, 
modulus of - elasticity, coefficient of thermal expansion, shrinkage, creep and 
durability of repair materials. In the case of compatibility of repair materials with 
existing concrete, Vaysburd (1990) emphasises the change of volume of material due 
to temperature and moisture changes, tensile and compressive stresses, differential 
shrinkage and different modulus of elasticity. 
The term "compatibility" is used commonly in the repair of concrete'structures and is 
a favourite topic of disciission in conferences (Morgan, 1996). Emmons et al. (1993) 
stated that: 
"Compatibility can be defined as a balance of physical, chemical and 
electrochemical properties and dimensions between a repair material 
and the existing substrate that will ensure that the repair can 
withstand all the stresses induced by volume changes and chemical 
and electrochemical effects without distress and deterioration over a 
designated period of time. " 
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Therefore, it can be concluded that compatibility can be broadly classified into 
physical (structural and mechanical), chemical, durability 'and electrochemical' 
properties and dimensional in order to balance the properties of repair materials with 
original concrete. This balancý6 is necessary if the repair system is to withstand all 
anticipated stresses applied at any time in a structure's service life. 
Dimensional compatibility is one of the most critical components of concrete repair. 
Restrained contraction of repair materials, the restraint being provided through bond 
to the existing concrete substrate, significantly increases the complexity of repair 
projects as compared to new construction. Cracking and debonding of the repair 
material are often the result of restrained contractions caused by volume changes. 
Therefore, the specified repair material must be dimensionally compatible with the 
existing concrete substrate to minimize the potential for failure. Those material 
properties that influence dimensional compatibility include drying shrinkage, thermal 
expansion, modulus of elasticity and creep (Emmons, 1994; Vaysburd, 1990; USACE, 
1995). 
Repair materials require mechanical properties to carry and transfer loads similar to 
the concrete which is being repaired. In addition to externally applied loads, repair 
materials must also absorb and resist stress caused by restrained volume changes, 
including drying shrinkage and thermal expansion or contraction. In physical 
compatibility, also tensile stresses are -induced in one material and compressive 
stresses in the other causing a substantial shear at the interface. In addition, the repair 
materials must resist the chemical action of the concrete and the influence of humidity 
in the concrete. 
Durability of Portland cement concrete is defined as its ability to resist weathering 
action, chemical attack, abrasion, and any other conditions of service. If a repair 
becomes necessary because of deterioration of the existing concrete, it is essential to 
establish the cause and extent of deterioration. In most cases, good bond between the 
repair and the existing concrete substrate is a primary requirement for a successful 
repair. A properly prepared substrate will almost always provide sufficient bond 
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strength. Also the pen-neability and the Sufficient adhesion between repair material 
and existing concrete must be considered (Emmons, 1994; ICRI, 1996; USACE, 
1995). The critical factors that widely govern the compatibility of concrete repair in 
practice are shown in Fi gure 2.2 1. 
Compatibility of 
Repair Material with 
Substrate 
7 Physical Dimensional Chemical Durability Electrochemical 
Compressive ý -o- Drying Shrinkage, -o-Alkali contentý - -Pý Permeabilitv P- Corrosion 
Strength C, A Content C -*-Thermal E oncrete-Repair, 
Bond 
Tensile 
Strength -o- 
Creep and Fatigue: 
I I 
Chloride 
Content 
lit i 
-i 
ur --- - ---*. Modules of Elasticity, y n nc 
Fl l 
L Concrete 
exura 
Strength Geometry of Section, 
(Size, Shape and 
Shear Bond Thickness of the 
Strength Repaired Area) 
Figure 2.21 - Factors affectim, compatibility of repair materials and existing concrete. IM, -- It) 
1 13 Concrete Removal and Preparation for Repair 
Most repair pr 'ects involve the process of conditioning the existin(y concrete to 01 
receive repair materials. Conditioning is required to remove deteriorated, 
contaminated, or damaged concrete to provide surfaces that will promote bonding or 
the repair materials. Regardless of the cost or complexity of the repair method or or 
the material selected, the care with which the distressed concrete is removed and with 
which a concrete surface is prepared will often determine whether a repair project will 
be Successful. Therefore, the surface preparation process is one of tile most critical 
phases of site work (Emmons, 1993; USACE, 1995). 
Usually, a repair or rchabilitation project will involve removal of the distressed 
concrete. However. for nianv maintenance and repair projects, concrete is removed to 
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a fixed depth to ensure that the bulk of the deteriorated concrete is removed. But in 
some cases, this requirement would cause a significant amount of sound concrete to 
be removed. Selected concrete removal methods should be safe and economical and 
should have as little effect as possible on concrete remaining in situ. Selection of a 
proper removal method may have a significant effect on the length of time that a 
structure must be out of service. 
Many techniques are available as shown in Table 2.1 to perform various aspects of 
concrete removal and cleaning. Each method has specific advantages and limitations. 
However, new technology is continuously being developed but much of the removal 
work is still done by small hand-held chipping hammers because of their mobility and 
versatility. Hydrodemolition and hydromilling are two of the latest methods. In some 
instances, a combination of removal methods may be used to limit damage to concrete 
that is not being removed. For example, a cutting method may be used to delineate an 
area in which an'impacting method is to be used as the primary means of removal 
(Emmons, 1993; USACE, 1995). 
Table 2.1 -A general classification of concrete removal methods for concrete repair. 
Category Description Specific Methods 
Blasting methods employ rapidly expanding Explosive blasting 
Blasting gas confined within a series of boreholes to 
produce controlled fracture and removal of 
concrete. 
Crushing methods employ hydraulically Mechanical crushing: 
Crushing powered jaws to crush and remove the > 'boom-mounted 
concrete. > portable 
Cutting methods employ full-depth perimeter Abrasive-water-jet cutting 
Cutting cuts to disjoint concrete for removal as a unit Diamond-blade cutting 
or units. Diamond-wire cutting 
Stitch drilling 
Thermal cutting 
Impacting methods employ repeated striking Mechanical impacting: 
Impacting of the surface with a mass to fracture and > Hand-held 
spall the concrete. > Boom-mounted 
> Spring-action 
Milling methods generally employ abrasion Hydromilling 
Milling or cavitation-erosion techniques to remove Rotary head milling 
concrete from surfaces. 
Presplitting methods employ wedging forces Presplitting: 
Presplitting in a designed pattern of boreholes to > Chemical-expansive agents 
produce a controlled cracking of the > Piston-jack splitter 
concrete to facilitate removal of concrete by > Plug-and-feather splitter 
other means. I 
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2.14 Concrete Repair Materials 
Concrete repair materials can be formulated to provide a wide variety of properties. 
Because these properties could affect the performance of the repair, choosing the 
correct material for a specific application requires careful study. The properties of 
repair materials generally specified are compressive strength, bond strength, shear 
strength, and those properties which influence volume changes such as drying 
shrinkage, modulus of elasticity and coefficient of thermal expansion. Other 
properties such as resistance to freezing and thawing, low permeability or sulphate 
resistance may be specified (ICRI, 1992; ICRI, 1996). 
The adequate selection of repair material will depend on cause(s) and the extent of the 
existing impairment, constructibility and service issues and owner and engineering 
requirements. It is only after these criteria have been defined and the required material 
properties identified that the selection of specific materials can be made. Selecting 
materials that meet all necessary properties established by conditions and 
requirements is difficult. Often more than one material or system of materials will 
satisfy the established requirements. Final selection of materials is based on the 
optimum balance of performance, risk and cost factors (Emmons, 1993; ICRI, 1996; 
Kardon, 1997). 
Composites of concrete and various kinds of polymers have been used in many 
applications in recent years with excellent strength and durability properties (Kardon, 
1997). Most used materials for deep repairs uses Portland cement binders and well 
proportioned aggregates. Durability of these materials can be enhanced using special 
pozzolans (microsilica), polymers (latex), or admixtures that reduce permeability. 
According to FIP (1991), Kardon (1997), Mallett (1994) and SP-69 (1981), available 
repair materials which are being widely used in Polymer Portland Cement Concrete 
(PPCC), Polymer Concrete (PC), and Polymer Impregnated Concrete (PIC) can be 
classified as either polymer emulsions or resins. The polymers include acrylics, 
styrene-butadiene rubber (SBR), epoxies, polyesters, methyl methacrylate (MMA) and 
polyurethanes. In addition, prepacked cementitious materials such as ordinary 
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Portland cement, high alumina cement, cement grout, artificial pozzolanic materials 
such as fly ash, blast-furnace slag-cement and silica fume and fibre materials are 
broadly used for repair work. Various kinds of repair materials are included in Figure 
2.22. 
2.15 Application Methods for the Repair of Concrete 
After a comprehensive evaluation, the scope of both the cause and effect of concrete 
defect, damage and deterioration must be conducted in order to determine the 
necessary actions to be taken. The results of the evaluation, together with the user's 
needs or requirements form the necessary external information to select. the repair 
method. Selection of repair methods depends on the nature of impairment, 
consideration of durability, constructibility and compatibility with the existing 
structure, enviromnent, availability of materials, cost and whether the tepair is a 
temporary restoration or permanent. Following Emmons (1993), FIP (1991), RILEM 
(1994) and Malletts' (1994) work, the primary procedures can be classified into 
replacement, repair, strengthening and stabilisation and protection. 
* Replacement may represent the ultimate repair of those structural elements, 
which have a lower inherent longevity-than the structure's service life. 
* Repair refers to restoration and modification of impaired elements of a structure 
in its characteristics of serviceability, the load-carrying capacity and/or to improve 
its durability. 
e Strengthening is the modification of a member or of a structure in order to 
increase the load-carrying capacity. For instance, concrete jacketing of an existing 
column will add compressive load-carrying capacity. Stabilisation is the process 
of halting a particular unwanted situation from progressing. For example, 
settlement of a structure can be stabilised by grouting to halt further movement. 
The differences between "stabilisation" and "strengthening" are somewhat clouded 
and, in some cases, are used synonymously. 
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Protection is operations, which intend to prevent damage of the structure or is a 
method of controlling the cause of distress or user dysfunction by: 
> altering the service exposure conditions, 
> enhancing the physical properties of the concrete to better resist the exposure 
or service conditions, 
installing a barrier between the service/exposure condition and the susceptible 
concrete, or 
> altering the electrochemical behaviour when corrosion of embedded metal is a 
factor. 
For example, concrete spalling is a form of deterioration that may be caused by an 
exposure/service condition which promotes reinforcing steel corrosion. Protection 
of the concrete from the exposure/service condition may be accomplished by 
utilising sealers, membranes or coatings. 
If the structure does not require strengthening, the repair work of the structure may be 
categorised as following (FIP, 1991): 
(a) - Repair of the concrete surface (delamination, spalling and popouts). 
(b) - Repair of concrete cracks (physical and chemical). 
(c) - Repair of corroded steel reinforcement. 
(d) - Repair ofjoints. 
Various application methods for the repair of concrete structures are shown in Figure 
2.23. 
2.16 Maintenance and Durability Recommendations of Concrete 
Structures 
Preventing concrete impairment is much easier and more economical than repairing 
distressed concrete. Preventing concrete impairment should actually begin with the 0 
selection of proper materials, mixture proportions and placement and curing 
procedures. If additional protection against impairment is required, the need should be 
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I 
Sprayed Concrete Protective Coating Resin Injection 
(Gunite or Shotcrete) and Rendering 
Routing and Sealing 
Drilling and Plugging-, 'Preplaced Aggregate! 
Flexible Sealing Concrete (PAC) 
Cathodic Protection 
--b. ' Autogenous Healing 
Realkalization and 
Overlay (Polymer- 
Modified Concrete) 
Chloride Extraction 
_bý Gravity Soak 
Overlay (Hydraulic Replacement and W 'c Impregnation and Cement Concretýe) Additional Hydrophobation 
Reinforcement 
-I. Grouting (Chemical) 
Vacuum Impregnation Poiymer-Coated 
ydraulic Reinforcing Bars 
_41 
! Grouting (H 
Cement) Blanketing 
Epoxy-Bonded Steel oý Conventional Concrete F_ L Plates ry P: aýclk=ing 
Fiber-Reinforced 
-0- Jacketing Underwater Concretel Concrete (FRC) 
Placement (by 
Stitching Tremie or Pump) High-Strength 
Concrete (HSC) 
-b. - Post-Tensioning Flowing Concrete 
-0- Precast Concrete 
Infilling and Bracing 
[--o- Silica-Fume Concrete 
--0.. SlabJacking 
Concrete 
-o. Replacement and Polymer Concrete (PC) 
Patch/Hand Laid 
--p. Geomembrane Polymer Portland Cement 
Concrete (PPCC) 
Polymer Impregnated 
Concrete (PIC) 
Roller-Compacted 
Concrete (RCC) 
Shrinkage-Compensating 
Concrete 
Fi. (,, ure 2.23 - Application methods for the repair of concrete structures. 
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recognised and provided for during the design of a structure. Thus, there is gencrally a I -- 1ý 
need for follow-up maintenance action. The primary types of maintenance for 
concrete include timely repair of cracks and spalls, cleaning of concrete to remove II 
unsightly material, surface protection, and Joint restoration (ACI, 1996; USACE, 
1995). 
Impain-nent of concrete is an extremely complex subject. It would be simplistic to 
suggest that it will be possible to identify a specific single cause of distress for every 
symptom detected during an evaluation of a structure. Since many of tile symptoms 
mav be caused bv more than one mechanism acting upon the concrete, it is necessary 
to have an understanding of the basic underlying causes of defect, damage and 
deterioration. For example, corrosion of reinforcing steel may open cracks that allow 
moisture greater access to the interior of the concrete. This moisture could lead to 
additional damage by freezing and thawing, 
Structural and functional problems may detract from the durability, integrity and 
serviceability of a structure. The durability of concrete is one of its most important 
properties because it is essential that concrete should be capable of withstanding the 
conditions for which it has been designed throughout the life of a structure. Designing 
and constructing concrete structures of enhanced durability, thereby reducing 
maintenance and repair costs has been a focus and development. In spite of the 
complexity of several causes working simultaneously, given a basic understanding of 
the various distress-causing mechanisms, it should be possible, in most cases, to 
deten-nine the primary cause or causes of the distress seen on a particular structure and 
to make intelliýient choices concerning selection of repair materials and methods. 
Therefore the choice of an appropriate repair material and methods requires a 
systematic observation of the symptoms and their probable cause or causes together 
with a Source of available information relating to durability. This information is 
shown in Figure 22.214. Most of the information is taken directly from codes of practice 
such as the American Concrete Institute (ACI, 1996) and the British Standard 
Institution (BSI. 1997, ) publications and from technical reports published by concrete 
associations (FIP. 1991; RILENT. 1994; USACE, 1995). 
Chapter 2- General Problems in the Maintenance and Repair of Concrete Structures 40 
.0 
0 pE 'Et C: 
W E C) 05 (1) 
a) Cr C-) 0 (3) 
0 > 
U0 CL 
c-) 
--I-- A, -A-- A, 
0 
E 
.2< 0 E 20 
t5 0 co m Q) CD 
0< 
0M1 -0 16-1 Qý C-) I 'I ý= 1 ct C) C: ýý .-m 
. 0'a 
U) S, 0l Fn ýI C) I 
N 
0 
M (10 
LL 0 0- C) I 1< I<i 
co cu u 
c: Q) iw01 
u C: 0 0 -(, -3 ý2 m-I -ý d, LD () I (n -, he C: L) LLJ C. ) 
Q) 
.2 
: ýz <m L) >0 S2 -0 EI (D (1) <C V) (f) C: < -Zý 1ý0i a) (f) - a) M 72 1 'o -2 ý-I1 (1) 1ýE I ca CD- 
L) LU 
I 
L-k-- 
i 
Jý- -Ali-- I 
(13 1 (1) [ -; --Z- CL ;I IEIIc: ý --- , 
0) ý>C: C: 10C: o co cm CD 
V) m m 2o > (Z a- -I Q) 
i UJ m -7z 0 
LLI o 
u -j I-- C: 
F. ; 1-) 0 
LLJ a) 1-llC: C: - 
>% -Zý LU IZ') c: Eli , ". 0 
E 
L2 
i0i CL L )I 
a) L) C: UL) U <0 U) 
I- -A7 A A, 
7. 
Chapter 2- General Problems in the Maintenance and Repair of Concrete Structures 41 
2.17 Summarv 
The durability of concrete is technically and economically one of the main factors in 
selecting construction materials, so as to avoid damaging factors such as corrosion, 
Alkali-Aggregate Reactivity (AAR) and freezing-thawing. Lack of durability is 
common worldwide and it is causing a huge capital cost by reducing the design life of 
structures. This Chapter has generally reviewed the relevant literature on information 
and problems in the durability, maintenance and repair of concrete structures. Many 
aspects relating to the repairof concrete structures have been covered including types 
of structure, types of design and construction, structural elements and constructibility, 
and causes and symptoms of concrete distress. Furthermore parameters such as 
diagnosis, compatibility, removal methods as well as repair materials, repair 
procedures and durability recommendations are also included. 
Inappropriate design and construction methods often cause concrete structures to be 
affected by lack of durability, integrity and serviceability. These conditions were 
classified into three main categories Defect, Damage and Deterioration. In addition, in 
this Chapter a basis for the classification of the causes and symptoms of these 
conditions has been established. The application developed in this regard is discussed 
in Chapters 7 and 8. 
The evaluation of concrete structure takes place as a result of some visible signs of 
distress, causing structural and/or durability concerns of poor functional performance, 
which, in turn, result in safety concerns. The procedure for a typical diagnosis of 
concrete structure was also reviewed including review of design and construction 
documentation, visual inspection, non-destructive in-situ tests and laboratory tests. 
The application developed in the evaluation of distresses in the concrete is discussed 
in Chapter 9. 
To achieve durable repairs it is necessary to consider the factors affecting the design 
and selection of repair systems as parts of a composite system. These factors must be 
considered in the design process so that a repair material compatible with the existing 
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concrete substrate can be selected. Detailed discussions of compatibility issue have 
been highlighted in this Chapter including dimensional, physical (structural and 
mechanical), chemical, durability and electrochemical compatibility. 
The adequate selection of repair material and application methods will depend on the 
cause(s) and extent of the existing impairment, constructibility and service issues, 
owner and engineering requirements, compatibility with the existing structure, 
environment, availability of materials, cost and whether the repair is temporary or 
permanent. In this Chapter, the most common repair materials such as cementitious 
and polymers, and application methods in repair, replacement, protection, 
stren thening and stabilisation of concrete structures have been outlined. 9 =P 
The final part of this Chapter covered a number of issues relating to the durability 
recommendations in the repair of concrete structures. Most of this knowledge used 
was based on codes of practice such as the American Concrete Institute (ACI) and the 
British Standards Institution (BSI) publications and from technical reports published 
by concrete associations. 
It has been shown that the diagnosis, evaluation, maintenance and repair of concrete 
structures are largely dependent on selection, which makes the subject suitable for the 
application of Knowledge-Based Expert Systems. It has been shown that the repair 
process is information and knowledge intensive which makes data management 
essential for its successful implementation. Most of the options such as causes and 
effects of distress, inspection and evaluation may best be represented graphically as 
well as by descriptive information, whilst the advice on material selection and 
adequate repair techniques along with recommendations to ensure enhanced durability 
may be best illustrated by descriptive information. 
Database Management technology is discussed in Chapter 4. The development of a 
comprehensive Database Management System for the repair of concrete problems is 
presented in Chapters 6 and 7. 
'eltahAws, y 
An Overview of Knowledge-Based Expert 
Systems and M. 4 
3.1 Introduction 
This Chapter comprises an overview of the development of Knowledge-Based Expert 
System (KBES) techniques in the structural engineering field. It deals with the earlier 
applications in the area of buildings, bridges and pavement design, up to maintenance 
and repair of concrete structures which are now being used to construct expert 
systems. The fundamental concepts of the technology including a number of 
knowledge representation schemes from a theoretical point of view along with applied 
examples in the various expert systems are discussed. Finally the software tools for 
building expert system environments, particularly MA, which is used in this thesis are 
highlighted. 
3.2 Review of Expert System Technology in Structural Design 
The maintenance and repair of existing structures in the field of civil engineering is 
very important and it needs engineers with broad experiential knowledge. The 
difficulties of structural damage assessment are sometimes more complicated. Under 
these circumstances, the inspection and determination of the damaged structure 
require a considerable amount of time in order to take careful assessment of the 
structure. These conditions make an excellent environment for the development of 
knowledge based expert systems. These are basically computer programs that can 
represent human expertise to provide recommendations of a wide range of particular 
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domains and perform the assessment in a much shorter time (Kalyanasundaram P. et 
al, 1990). 
The last few years, the use of knowledge based computer programs in structural 
engineering applications has significantly advanced. Several common computer 
programs or software packages have been developed to provide a means for an 
engineer to use expert systems in the diagnosis of structural damage problems and to 
be able to recommend maintenance strategies. Adeli H. (1988) presented several 
expert systems in civil engineering including structural and construction engineering 
for a satisfactory solution to the problems of diagnosis, fault detection, prediction, 
monitoring, planning and design. A survey of many of the existing prototype and 
operational expert systems that have been developed for the construction industry is 
presented by Kaetzel L. J. et al (1995). 
As for the programs used, Mikami et al (1994) used a knowledge based network 
model analogous to the neural network. Hanna et al (1993) involved two expert 
system shell programs in their own study, namely EXSYS professional and EXPERT 
PLUS. Besides object-orientation, Funk and Reinhardt (1992) used the expert system 
shell for an expert system adopting Contec. Mohsen A. Issa et al (1995) also used the 
EXSYS professional shell program for the Bridge Rating Expert System (BRES) 
which is limited to existing highway bridges with prestressed concrete beams or 
girders. 
In addition, several systems such as SCEPTRE, ROSE and ERASME have been 
developed using EXSYS, an expert development shell that may be applied to 
pavements (Hanna P. B. et al, 1993). The MA as a development shell, was involved in 
the WAREHOUSE-EXPERT system (Nyambayo J., 1997). 
3.3 Expert Systems in the Repair and Maintenance of Concrete 
Structures 
Clifton J. P. et al (1985) developed an expert system called DURCON that gives 
recommendations on the selection of concrete constituents for the durability areas 
Chapter 3: An Overview of Knowledge-Based Expert Systems and MA 45 
comprising corrosion, freeze-thaw, sulphate attack and alkali-aggregate reaction. The 
system also recommends a water/cement ratio and the amount of cover for different 
environments. It was developed to provide expert knowledge for specifiers of 
concrete. The embodied knowledge of DURCON uses the American Concrete 
Institute (ACI) 'Guide to Durability of Concrete', ACI 201.2R-77, and expert 
knowledge from ACI Committee 201 members. 
A prototype expert system known as CRACKS (Kaetzel et al, 1989), a rule-based 
expert system, was developed at the National Institute of Standards and Technology 
(NIST) solely for cracks in concrete, and the system incorporates known facts about 
cracks in concrete as well as the guidelines and opinions of experts. CRACKS deals 
primarily with non-structural cracks in concrete elements such as slabs, columns, 
thick sections and thin walls. The CRACKS knowledge base is in three parts 
comprising facts and rules of thumb, database information and digitized images. I- 
Another rule-based expert system, named CRACK (Wang T. et al, 1989) is designed 
to diagnose the causes of cracking of cast-in-place concrete structures such as tunnels, 
tanks and foundation walls. The system also recommends methods for controlling and 
repairing cracking and contains Chinese design codes and specifications for 
constructing concrete structures. 
Kalyanassundaram P. et al (1990) created an expert system for building repair, 
namely REPCON whose domain includes diagnosing the cause and suggesting repair 
methods for cracking, spalling and disintegration in concrete buildings and cracking, 4ý 
dampness and leakage in brick masonry buildings. 
An expert system prototype developed at Darmstadt University by Sohni (1991) 
called REPCON stands for REPair of CONcrete. It is a rule-based expert system 
designed to help engineers to judge the condition of damaged concrete structures and 
to recommend repair proposals. The system is based on the German Association for 
Concrete and Reinforced Concrete regulations. 
In response to a growing awareness of the repair and maintenance problems of 
concrete structures, The U. S. Army Corps (1992) initiated the Repair, Evaluation, 
Maintenance and Rehabilitation (REMR) research program. This program was 
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organised into seven broad problem areas: concrete and steel structures, geotechnical, 
hydraulics, coastal, environmental impacts, electrical and mechanical and operation 
management. Studies in concrete and steel structures problem area have focused on 
methods for assessing the condition of structures above and below water and on 
techniques for maintaining, repairing and rehabilitating concrete and steel. 
A new expert system for the diagnosis and treatment of deteriorated concrete 
structures was developed by Funk G. et al (1993). This prototype which supports the 
diagnosing process and the design of repair measures for damage to concrete 
structures is called ConteCES . The basis of this new expert system 
is REPCON (Funk 
G., 1992). It is an object-oriented and rule-based expert system shell. The latest 
knowledge on concrete technology and information on the essentials of the 
deterioration process mechanisms are considered as well as the selection of repair 
measures and surface treatment according to German guidelines. In addition, an 
extensive set of digital photographs and graphics are part of the knowledge base. The 
REPCON expert systems reviewed in this Section are totally different pieces of 
software from the REPCON database described in Chapter 7. 
The Strategic Highway Research Program (SHRP, 1994) has developed new software 
to examine highway pavement distress, namely HWYCON. This is an expert system 
and fits on a personal computer. This software informs decision-making regarding 
repair and rehabilitation of concrete pavements and bridge decks and substructures 
and can help highway agencies to select materials for constructing or reconstructing a 
concrete structure, complying with design codes and standards for acceptable practice. 
In addition, the program includes four subsystems: concrete pavement diagnostics 
(CONPAV-D), concrete bridge deck and substructure diagnostics (CONSTRUC-D), 
concrete materials selection (CONMAT), and concrete pavement repair and 
rehabilitation (CONPAV-R) (Harrington-Hughes K., 1993). 
The problems of bridge assessment and the requirements for repair, strengthening and 
replacement are issues which have become increasingly important. Concrete bridge 
deterioration assessment- COBDA (Cabrera J. G. et al, 1995), is a comprehensive 
expert system for the diagnosis and prognosis of deterioration of concrete which 
includes three methods to deal with the uncertainty problems in the evaluation of 
concrete bridges. PROLOG as a main expert system development tool is used for the 
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development of COBDA. Three different methods are suggested as alternative 
solutions of uncertainty problems which occur in data processing: Performance Index 
(PI), Fuzzy Logic and Bayesian Subjective Probability Theory. COBDA knowledge is 
categorised by sub-domains such as deterioration, inspection, maintenance and repair, 
assessment and uncertainty problems of inspection data for concrete bridges. 
The importance of bridge repair versus new bridge construction has risen in recent 
decades owing to high deterioration rates that have been observed in these structures. 
To help rational decision-making, a prototype expert system for concrete bridge 
management, BRIDGE-1 and BRIDGE-2 was implemented by Brito et al (1997). In 
BRIDGE-1, the inspection module relies on a periodic acquisition of field information 
complemented by a knowledge-based interactive system. To optimize management 
strategies at the headquarters, the BRIDGE-2 module was implemented including 
three sub-modules: inspection strategy, maintenance and repair. 
There is a wide range of knowledge-based expert systems that have been developed 
for concrete design, condition assessment and repair and rehabilitation of concrete 
structures. It can be seen that most of the existing prototype expert system 
applications in the field of concrete repair have been restricted to limited amounts of 
data and have no facility for sophisticated data management. Database management 
systems are important components of existing integrated engineering computing 
systems. Because these two subject areas, i. e. expert system (ES) and database 
management system (DBMS), have not been integrated previously, the need exists for 
an interface between the knowledge-based expert systems and DBMS. Therefore, the 
central feature of this research is the integration of these two areas of Information 
Technology (IT). 
3.4 Knowledge-Based Systems versus Conventional Programming 
Systems 
There are a number of fundamental differences between knowledge-based systems 
and conventional programming systems. Because it separates knowledge from the 
inference procedure, the expert system can provide a significant advantage for the 
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developer. In addition, conventional programming systems process data 
algorithmically while knowledge-based systems involve a heuristic (inferential) 
process. The end-user can obtain explanatory infonnation while running the 
knowledge-based system and the system can give the reasons why the program is 
foflo%ving a certain operation (Nilohsen A. Issa et al, 1995; Kaetzel L. T. et al, 1995; 
Anumba C. J., 1994). 
The characteristic features of conventional computer programs and knowledge-based 
(expert) systems are summarised in Table 3.1. 
Table 3.1 - The general distinctions between expert systems and conventional 
computer programs. 
Conventional programs ft Expert Systems 
" Manipulation and use of large data 
bases 
a Manipulation and use of knowledge 
bases 
" Control and knowledge integrated N Control and knowledge separated 
" Algorithmic process a Heuristic process 
" Representation of data N Representation of knowledge 
" Give results %%rithout explanation N Can provide explanation of results 
during running 
" Orientated toward numerical 
processing 
0 Oriented toward symbolic processing 
" Calculate results 0 Make decision 
a Require complete information 0 Can work with partial information 
3.5 An Introduction to Knowledrre-Based Expert Systems 
Knowledge-Based Expert Systems (KBES) are computer programs using Artificial 
Intelligence (AI) techniques, which involve human knowledge and experience in 
solving difficult problems that would otherwise be solved by an expert in a larger 
amount of time. Put another way, an expert system is an Artificial Intelligence based 
Program that can play the role of human knowledge using heuristic knowledge or Cý 
rules of thumb (Adeli H., 1988). 
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Several factors affect the system architecture for knowledge-based systems. These 
factors usually depend on the particular application domain, the procedure of direction 
through the system in solving problems, the software tools (knowledge-based 
environment, graphical user int erface builders, database) and programming language 
used. A Knowledge-Based Expert System (KBES) comprises three main common 
components, i. e. the knowledge base, the inference mechanism and the working 
memory, and also perhaps other expert system development facilities (Adeli H., 1988; 
Maher M. L. and R. Allen, 1987). The components of a Knowledge Based Expert 
system are shown in Figure 3.1. 
The Knowledge Base is the repository of information relating to a particular task or 
application derived from a human expert and it comprises documented definitions, 
facts, rules, procedures and objects. The inference mechanism (also known as the 
inference engine) carries out the reasoning process to solve definite problems using 
question-and-answer consultations with factors relating to the application. 
END USER Working 
I Memory 
User 
Interface Inference 
Explanation Mechanism 
Facility- 
Knowledge Knowledge Acquisition . 4- Base Facility 
I 
EXPERT 
Figure 3.1 - Components of a Knowledge-Based Expert System. 
The knowledge base and inference engine is engaged by the knowledge system in 
order to consider the problems and finally to recommend a conclusion. The working 
memory of the Expert System is used as temporary storage for facts discovered during 
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a consultation. Its content alters dynamically and comprises information provided by 
the user about the specific problem and information derived by the system. Other 
Expert System development facilities include an intelligent user interface, an 
explanation facility, a knowledge acquisition facility, debugging and help facilities 
and knowledge base editors. 
An organisation can optimise its information and decreases its costs by using 
Knowledge-Based Expert Systems in decision-making and problem-solving. Hence, 
knowledge-based systems are becoming more competitive and therefore their 
applications are available in many areas such as manufacturing, engineering, finance, 
data processing and management information systems. They fall into five categories: 
analysis, planning, design, selection and diagnosis (Cimflex, 1991). Construction 
planning, engineering, and management have been paid high attention as potential 
domains for knowledge-based systems (Benjamin C. O. et al, 1990). 
In the field of civil engineering, Knowledge-Based Expert Systems (KBES) have been 
developed in areas such as structural analysis and design; especially bridge design 
(Adeli H., and K. V. Balasubramanyan, 1988), construction management (William C., 
and De La Garza, 1988), and concrete structures (Reddy R. R. et al, 1993). Within the 
recent past, Expert Systems (ES) have been employed in the diagnosis of structural 
damage problems and the recommendations for the repair and maintenance of 
concrete structures, such as concrete buildings, car parks, and bridges, as well as for 
the repair and maintenance of highway pavements. 
3.6 The Representation of Knowledge 
Knowledge in expert systems can be represented in many various ways which depend 
on the problem-solving techniques (system architecture) supported by the 
development tools of KBES. The commonly used representations of knowledge for 
expert systems are production rules (rule-based), semantic network, frame and 
objected-oriented (Kaetzel L. J. et al, 1995; Adeli H., 1988; Giarratono, J., 1994). 
Combinations of several different techniques are also used and are commonly called 
hybrid systems. 
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3.6.1 Production Rules (Rule-Based) Svstems 
The production rules system has been the most favourable representation approach for 
building computer expert systems (Adeli H., 1988). A primary objective of the expert 
system developers is to capture an adequate amount of knowledge from the expert so 
that the expert systems will have a decision-making capability equal to that expert. It 
is essential to formulate the knowledge into a rule form within the knowledge base. 
Knowledge in a production rules system is represented in the form of IF(-) 
THEN( ... ) rules. IF part, or premise can 
be considered as patterns and THEN part, or 
consequent as conclusion or actions to be taken. 
Each production rule in the system represents a single piece of knowledge that relates 
some known information to other information that can be concluded and inferred to be 
known. Expert systems of this type involve conducting a session where the systems 
attempt to find the best goal using information supplied by the user. The sequence of 
events comprises a question and answer session. 
One of the earlier rule-based expert systems was MYCIN (Shortcliffie E. H. et al, 
1984) which was used for medical diagnosis. In construction engineering and 
management, DURCON (Clifton J. R. et al, 1985) is a prototype rule-based expert 
system for selecting the constituents of concrete exposed to aggressive environment. 
The knowledge base in DURCON consists of specification rules from the American 
Concrete Institute (ACI) 'Guide to Durable Concre te' and heuristic knowledge 
obtained from human experts on the durability of concrete. An example of the rules 
used in DURCON is shown in Figure 3.2. 
IF Severe freeze-thaw conditions are anticipated and 
The nominal size of aggregate is 3/8 in (9.5 mm) 
THEN the percentage of entrained air should be 7.5. 
re j. z - An examp 
In addition, Funk G. (1992) developed an expert system, called REPCON, which is a 
rule-based expert system designed to help engineers to judge the condition of 
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damaged concrete structures and to recommend repair proposal based on the German 
Association for Concrete and Reinforced Concrete Regulations. 
3.6.2 Semantic Network Systems 
It is argued that semantic networks which first were developed for Artificial 
Intelligence (AI) are the closest models to human memory functions and language 
understanding (Quillian M. R., 1968). Knowledge representation by semantic network 
systems graphically consist of a collection of nodes for representation of concepts, 
objects and/or events and arcs which comprise links connecting the nodes. 
In a graphical format of semantic network, the nodes (i. e. objects) are connected to 
each other by links which show the relationship between them. Phrases like "is-a" and 
"caused-by" are often used to describe the association between two nodes. A typical 
component of a semantic network is illustrated in Figure 3.3(a) and an example of a 
semantic network as applied to construction scheduling is called CONSAS (William 
C. et al, 1988), is given in Figure 3.3(b). 
Formulation of knowledge with semantic networks is simple: each node is related to 
each other with a phrase. By analysing the network structure closely, the user can 
easily identify existing relationships between the objects. Because semantic networks 
are easy to develop and use, expert system developers have adopted the method 
widely. 
One modification of a semantic method is called semantic triples or Object-Attribute- 
Value (OAV) triples which present a special case of semantic networks. In this type of 
semantic network, there are only three types of nodes, i. e. objects, which can be 
physical or conceptual entities, attribute that are general properties or features of 
objects, and values. Values determine the particular character of an attribute in a 
specified situation. OAV triples use only two simple relationships, i. e. the object- 
attribute link and the attribute-value link, while semantic networks may have 
complicated links. 
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a: Semantic Network b: CONSAS 
Node 
Project 
Object 
Phase-o 
Phase-o 
ase-of 
Link Pre- 
Node construction 
Construction Operation 
Node BSI CS1 Class-of 
Class-of Is-a Is-a 
Concrete 
Superstructure Specification 
0 10 
6 
IM 
r 
Colu ns, 
Be s Walls Roofs Floors 
Is-a Instance-of 
Slab Cast-in-place 
2nd Floor SlDab 
Figure 3.3- (a) Knowledge representation by. gemantic. network (b) CONSAS 
semantic network. 
3.6.3 Frame-Based Systems 
A more complex representation of knowledge is performed by the frame-based 
systems which are powerful tools for knowledge manipulation. The concept of frame- 
based systems was introduced by Minsky (1975) who described frames as data 
structures for representing stereotypical knowledge of some concepts or objects. 
A frame which is represented by class consists of a group of attributes, called slots, in 
which different characteristics of an object are described. The first slot in the frame is 
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normally a descriptive object name. Additional slots, which have properties related to 
the first slot are attached to each other. A frame, therefore, contains related properties 
of an object such as values, descriptions and introductions to perform a specification 
and attributes. An example of the structure of a frame is shown in Figure 3.4. 
Frame or Building 
I 
Class Name: 
Child Frame or Industrial, Residential 
I 
Sub-class: 
Properties: Property Attribute 
Plan Area Soo 
No of Floors 1 
Floor Height 3m 
Frame Type Concrete 
Figure 3.4 - The structure of a frame. 
Frames are connected to each other in a manner similar to semantic network 
structures. While semantic networks are basically a two dimensional representation of 
knowledge, frames add a third dimension by allowing nodes to have structures. CES- I 
and AT-RISE are examples of frame-based knowledge representation in the area of 
conceptual design of structures (Maher M. L. et al, 1988; Zhang X. J. et al, 1988). 
3.6.4 Object-Oriented Systems 
In conventional programming languages, knowledge is centred on steps or procedures 
that lead the program flow. In addition, knowledge is organised by function rather 
than by a particular entity or object. Conversely, in an object-oriented representation 
of knowledge information is concentrated around objects, their properties and their 
behaviours. In object-oriented systems, knowledge is grouped in a way an expert 
normally thinks of the knowledge domain. An object is a conceptual item with a 
collection of related attributes. Objects are represented by classes and instances. 
Classes describe characteristics and behaviour of objects that can be stored with each 
instance. Slots are variables which represent important characteristics of classes. An 
instance is the actual object that has inherited characteristics and a specific value. 
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Figure 3.5 shows a class and the instance definitions for properties of a residential 
building object. 
The Class Definition 
Building 
Plan Area 
No of Floor 
Floor Height 
Frame Type 
An Instance of Building 
Residential Building 
Plan Area 800 
No of Floor I 
Floor Height 3m 
Frame Type Concrete 
Figure 3.5 - An example of class and instance definition. 
All operations and computations on an instance are done by sending a message to 
objects. The corresponding method will be executed once an instance receives a 
message. The knowledge engineer would defte the methods, which are procedures. 
These methods can be defined on either a class or an instance, and in most cases are 
activated by accessing slots. Therefore the creation and deletion of instances, as well 
as setting, changing or calculating slot values, requires the defining of the desired 
methods and their execution by sending messages (Adeli H., 1988; Cimflex, 1991; 
Funk G., 1992). 
A class includes superclasses and subclasses. A superclass is an abstract class that 
defines the slots and methods which comprise all the common information. A subclass 
defmes special information in the form of the slots and methods associated with the 
object that will override those of their superclass. For example, a class called "failure" 
may be established and divided further into subclasses for materials related distresses 
and in-service related distresses. The members of these subclasses share the 
characteristics and behaviour of the class "failure". 
Over the years, frame-based systems have adopted most of the object-oriented 
programmmg features so that the two systems are now almost interchangeable. 
Nowadays, object-oriented systems are becoming more popular owing to the 
flexibility that exists in drawing relationships between related knowledge and 
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development tools to use the various inference procedures (see Section 3.7) within a 
single expert system. 
3.6.5 Hybrid Representations 
Production rules (rule-based) knowledge representation is the most common for first 
generation expert systems. While this system is adequate for manipulating up to large- 
scale expert systems, for very large and more complex systems, major difficulties 
emerged during development. A combination of multiple knowledge representations 
is called hybrid representation in which the knowledge base may be encoded more 
efficiently and easily using different formalisms (Nikolopoulos C., 1997). 
A hybrid knowledge representation combines production rules, frame-based and 
object-oriented techniques, facilitating the model based approach to system 
development and making the development of complex models and class hierarchies 
much easier than using the production rules approach by itself. This knowledge 
representation technique is available in most correct expert system shells (see Section 
3.10) including ADS, ART and MA which employ an object-oriented based hybrid 
representation scheme. 
ES Funk (1993) developed an expert system, namely Contec , 
for the diagnosis and 
treatment of deteriorated concrete structures. An object-oriented and rule-based expert 
system shell has been used fot the implementation as well as a set of digital 
photographs and graphics as part of the knowledge base. 
3.7 Inference (Reasoning) Techniques- 
Inferencing is the common process by which expert systems model the human 
reasoning to solving problems. It is a process that controls the selection and use of 
knowledge and the facts in the knowledge base to draw conclusions about the 
problem. The inference mechanism is normally referred to as the inference engine. It 
is that part of an expert system which determines how the knowledge is to be used. It 
achieves this by using procedures that search for problem solutions in one of the two 
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main reasoning processes known as forward chaining (forward reasoning) or 
backward chaining (backward reasoning). These techniques represent the direction of 
the search throuoh the knowledge base. 
3.7.1 For%vard Chaining 
In the forward chaining inference technique, sometimes called data-driven search, the 
expert system uses a set of known facts and attempts to reach a goal state until one is 
found whose premises match the known facts for the problem entered in the working 
memory. The rule is then applied and the working, memory is updated. This process is 
repeated until the goal state is achieved or no useable rule is found. The simplest 
application of forward chaining in a rule-based expert system is shown in Figure 3.6. 0 
Insert Information into 
Working Memory 
Ip Check First Rule 
Check Next Rule 
T 
Add Conclusion to 4T_, -ýPremises Match'--,. 
F 
0. Rules Remain Working Memory ki M 
F 
STOP 
Figure 3.6 - Fom-ard chaining in inference process. ý05 Zý 
3.7.2 Backvvard Chaining 
The backývard chaining inference technique is most commonly used in expert systems 
k-nown as goal-driven problem-solving systems. This inference technique starts with a I=) "D I 
hypothesis or goal and then attempts to verify it by the inforn-iation gathered. 
Backward chaining is often employed in diagnostic expert systems. For example, an 
engineer may suspect some problems with a distress in concrete (e. g. corrosion of 
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reinforcement) and attempts to prove it by looking for certain symptoms (e. g. rust 
stain in generally straight cracks). This style of reasoning is modelled in an example 
using goal-driven search and in Figure 3.7. 
Question 
Distress Category 
Symptom Category 
Response 
- Defect 
-Damage 
'- Deterioration 
'- Cracking in Concrete 
Surface Distresses 
Miscellaneous Distresses 
Longitudinal 
- Transverse 
Cracking Pattern - Diagonal 
and Direction - Pattern or Map 
- Random 
- Cracks at Joint, Edge and Opening 
Crack Location 
Appearance 
Relative to Crack 
Conclusion 
'- Over Reinforcement 
- Irregularly Distributed over Surface 
- No Rust Stains 
- Parallel with Rust Stain 
- Corrosion of Reinforcement 
Figure 3.7 - An example of backward chaining inference process. 
3.7.3 Combination of Backward Chaining and Forward Chaining 
Forward chaining or data-driven reasoning takes the facts of the problem and applies 
the rules and legal moves to produce new facts that lead to a goal. While backward 
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chaining or goal-driven reasoning focuses on the goal then finds the rules that could 
produce the goal, and chains backward through successive rules and subgoals to the 
given facts of problem. 
The major difference between forward and backward chaining is that forward 
chaining checks the rule's premise, not the conclusion. Once the promise is satisfied, 
forward chaining executes the rule immediately regardless of the contents of the 
conclusion. In other respects, forward chaining goes through the rules in the order in 
whi ch they are written in the knowledge base, independent of both premise and 
conclusion. In addition, forward chaining does not work on only one rule until it 
determines whether it has "passed" or "failed". It means that forward chaining evokes 
the execution of all the rules related to the information, unlike backward chaining 
which searches only the part of the knowledge that is related to the current problem. 
A combination of both forward and backward chaining uses advantages from both 
techniques. In most cases, the mixed chaining technique, which first starts with 
backward chaining, is the most suitable application for obtaining the maximum 
performance from expert systems. In this technique, a new rule is assigned to any 
variable by backward chaining and the search algorithm is switched to forward 
chaining. Forward chaining goes through the rules and picks up the rules for a new 
known fact. Once the procedure passes through the knowledge base, backward 
chaining is resumed. Again, when a new value is assigned, forward chaining is 
initiated. Therefore, all rules are analysed by*both backward and forward chaining. 
Furthermore, mixed chaining eliminates the disadvantages of backward chaining by 
introducing forward chaining. 
3.8 Search Strategies 
In addition of specifying a search direction discussed in Section 3.7 a search 
algorithm must determine why a particular solution path is preferred over the other. In 
Artificial Intelligence a problem's knowledge (Problem State) can be graphically 
examined in a state space (Figure 3.8). The state space is a tree or graph comprising a 
set of nodes that represent the state of the problems, and arcs or links that represent 
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the possible paths to move from one state to another. To illustrate the way an expert 
system searches through a state space to solve a problem, two different search 
strategies can be adopted comprising the depth-first search and the breadth-first 
search. 
3.8.1 Depth-First Search 
In depth-first search when a parent state is explored, it always expands along one path 
at the deepest level of the state space before examining any other path until it either 
reaches the goal or a dead end. When a dead end is encountered it then backtracks to 
the last node in the same order from left to right of the state space. If another dead end 
is revealed or no more unexamined paths from a node (state) exist, by a backtracking 
technique a search begins at the start node and pursues a path until either a goal or 
another dead end is found. Figure 3.8 illustrates a depth-first search algorithm, which 
corresponds very closely to backward chaining which starts with a desired conclusion 
and decides if the existing facts support the derivation of a value for this conclusion. 
3.8.2 Breadth-First Search 
Breadth-first search, in contrast, examines all nodes at the same hierarchical level 
using some arbitrary rule (e. g. left to right) before proceeding to the next level. Only 
when it is unable to find a solution within this level and there are no more states 
Figure 3.8 - Depth-first search of a tree. 
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(nodes) to be examined it drops down to the next level and searches in the same 
manner. A breadth-first search algorithm, which is more common in forward chaining 
or data-driven reasoning, is shown in Figure 3.9. 
-lb- --- 
..... ..... 
.... ............................... ... .... ... ............ 
Figure 3.9 - Breadth-first search of a tree. 
3.8.3 Heuristic Search 
Both depth-first and breadth-first search techniques explore a state space without any 
knowledge about the state of the problem to help guide their search. Therefore, they 
imitate the search method blindly which may be time consuming in large state spaces 
that do not correspond with human reasoning. 
A search that uses one or more items of domain-knowledge about the problem to 
traverse a state space graph is called a heuristic search. The simplest way to 
implement a heuristic search is through a procedure called hill climbing (Luger G. F. 
et al, 1998). 
In expert systems, when a heuristic search requires a more informed algorithm this is 
provided by best-first search. During the search of a state space, at each node a best 
search employs a heuristic (a rule of thumb) method that can choose which system 
knowledge to process next and which path to take next. The advantage of a heuristic 
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search is that the search is faster than the blind searches as less promising solution 
paths are eliminated before they are examined. 
3.9 Knowledge Acquisition 
In the development of expert systems, knowledge acquisition is a crucial aspect of 
developing knowledge bases and it is important that the source of knowledge for any 
system is carefully selected. Buchanan et al (1983) defines knowledge acquisition as 
the transfer and transformation of potential problem-solving expertise from some 
knowledge source to a program. 
Acquiring knowledge from an expert person heuristic experience is a difficult task. 
Therefore, the use of multiple sources is considered beneficial f6r validation and for 
ensuring that the correct representation of knowledge is accomplished. Primary 
sources of knowledge for providing some information on the given problem include 
technical publications, published codes of practice, standards, domain experts by 
interview and/or questionnaire, textbooks and case histories. 
Knowledge engineers face difficulties when they deal with heuristic knowledge and 
most experts have trouble explaining their ideas. In many engineering fields, 
questionnaire is used as a means of gathering information and data collection. 
Interviews often take place between the knowledge engineer and the expert person. 
Data survey methods and procedures adopted in developing a questionnaire used in 
this research are discussed in Chapter 5. 
In addition to expert knowledge, information contained in guides, published standards 
and the literature is also used in knowledge acquisition and expert system 
developments. For example, DURCON (Clifton J. R. et al, 1985) is an expert system 
which uses the American Concrete Institute (ACI) 'Guide to Concrete Durability - 
201'and expert knowledge from ACI Committee 201 members as its knowledge base. 
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3.10 Selection of Expert System Development Environment 
Programming languages, representation languages, and expert system shells are 
development environments available for expert system development. Amongst these, 
the expert system shell is the most popular development environment that is used in 
the field of structural engineering. 
A shell is a completely developed expert system with all its facilities but without its 
knowledge base. Most shells are developed using programming languages for use on 
personal computers. The established shell environment includes the knowledge 
representation structure, inference engine, explanation, and debugging facilities. 
Because a working inference engine already exists, the shell user is not directly 
involved in developing the control strategy or explanation facility (Hanna P. B., 1993; 
Nyambayo J., 1997). 
After the PROLOG language was introduced, a number of expert system shells were 
developed using this new language as well as LISP. Although LISP and PROLOG are 
the predominant languages used for writing expert system shells, other languages such 
as PASCAL, BASIC, C, and C++ are also used. With the growth of expert systems 
technology, the list of shells is rapidly expanding whereby, nowadays, the primary 
task is not to find a shell but to choose a suitable shell for the given application. 
Choosing the most suitable shell for any given application depends on the type of 
application being performed and the functions required from the expert system shell. 
There are several shells which can be used in the field of structural engineering, such 
as EXSYS Professional, Instant Expert Plus and MA EXSYS Professional is a 
generalised expert system development shell that can be used for any type of problem 
solving where the decision is based on logical rules. Shell programs such as EXSYS 
and Instant Expert Plus contain a variety of user-friendly features and flexibility in 
terms of adjusting and expanding the knowledge base (Hanna P. B. et al, 1993; 
Mohsen A. Issa et al, 1995). 
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MA may be used as a development shell: it is powerful and adopts PC-based 
knowledge system software that is being developed and used on microcomputers. 
Because of its compatibility with the C programming language, novice computer 
programmers without previous experience in knowledge system technology or special 
LISP programming capability can use MA quickly and effectively. 
Knowledge systems created with MA use a similar structure to gain adequate 
solutions. MA is a cost-effective software tool for companies to develop and use a 
knowledge system so that they can rapidly appreciate the utility of using knowledge 
systems in business (Cimflex, 1991). Table 3.2 shows a comparison between shell 
programs. 
A knowledge base of facts, rules, procedures, objects relating to a particular task or 
application, and an inference engine that enables the system to reason about the 
domain in order to solve specific problems is used to design MA's knowledge 
systems. A programmer can create a text file of facts and objects for describing the 
relationships between factors in the application, rules and procedures for applying 
these facts and objects to certain situations by using any text editor. After being 
loaded into MA, this file can be used as a knowledge base file to solve problems by 
means of the inference engine. With respect to knowledge system delivery, a 
programmer can build end-user knowledge systems for delivery into application 
environments by MA. In this view, an end-user knowledge system includes the MA 
inference engine, one or more knowledge base files in delivery format, and an MA 
configuration file. 
3.10.1 NIA Features 
MA as a development shell is a powerful and versatile PC-based knowledge system 
for microcomputers. MA consists of the Inference Engine, Knowledge Base and 
Working Memory as an essential part and a User Interface. MA runs on PCs under 
widely used operating systems with database integration and links to C, Visual Basic, 
and Visual C++. 
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Table 3.2 - Comparison between shell programs. 
Criteria EXSYS Instant Expert MA 
Professional Plus 
Environment PC-DOS IBM Macintosh IBM PC, XT, AT, 
386,486, MS-DOS 
3.3, Microsoft 
Window 3.0 
Control Backward and Backward, forward Backward, forward 
Strategy forward chaining and mixed mode and mixed mode 
Explanation - Respond to HOW - Respond to WHY - Respond to HOW 
Facility by displaying the by displaying the by displaying the 
chain of fired rules. candidate rules. current conclusion 
- Respond to WHY was reached. 
by displaying the - Respond to WHY 
rules attempt to fire by displaying a 
question is being 
asked. 
-Respond to WHAT 
by displaying a rule 
is being considered. 
External Yes Yes with other External function 
Programs Mac. Graphics. calls such as: dBase 
III, Embeddable DOS 
and Microsoft 
Windows Libraries, 
Dynamic Data 
Exchange (DDE), 
and Dynamic Link 
Library (DLL). 
Easy of Rules Yes No Yes 
Input 
Confidence Three mode: One mode only: Four mode: . * Yes /No 9 Yes /No * yes / NO 
9 0-10 * Unknown e 0-20 
0 -100 to 100 0 0-10 0 -100 to 100 
Confidence appears Confidence appears e unknown 
in conclusions only in question and Confidence appears 
conclusions. in question and 
conclusions, 
Graphics No graphic Good graphic Good graphic 
capabilities. capabilities., capabilities. 
Ease of Easy, changing No easy, must Easy, changing 
Modification qualifiers will change the rules qualifiers will 
ahtomatically one by one. automatically change 
changethe the corresponding 
corresponding rules. 
rules. 
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Knowledge Representation - MA's main knowledge representation is production 
rules (discussed in Section 3.6.1) with object-oriented and procedural features 
(discussed in Section 3.6.4). The maximum knowledge base size varies widely based 
on the mix and complexity of the knowledge base entries, such as facts, rules, objects 
and procedures. These knowledge base entries can be used with symbolic variables in 
the knowledge base. These variables can be automatically replaced with values during 
a consultation, whereby the number of rules used in a knowledge. base is greatly 
decreased. An illustration of the use of variables in a rule, which selects a bolt of a 
certain size; given that some constraints concerning length; diameter and thread pitch 
can be satisfied, is shown in Figure 3.10. Upper case expressions denote variables. 
if recommended__ýtype = bolt and 
recommended 'length = LENGTH and 
recommended diameter = DIAMETER and 
recommended thread_pitch = PITCH and 
faster bolt LIfNGTH DIAMETER 
- 
PITCH = BOLT 
then recommendedjaster = BOLT. 
Figure 3.10 - Use of variables in MA 
Procedures in M. 4 - Knowledge engineering applications may be in the fofrh of 
problem-solving strategies for actions, or steps to take in problem-solving techniques. 
Such knowledge can be divided into three categories: Factual, Procedural and 
Heuristic knowledge. 
Procedures that are often represented as a group of instructions are the typical fonns 
of code in MA as well as in a regular programming language. These procedures use 
the same syntax as the conventional C prograimning language. 
MA procedures are used for seeking the values of expressions in order to assign them 
to variables, and also for executing MA commands in the promise of a rule. The 
instructions within the body of the procedure may be executed once, iteratively or 
recursively by using the do while loops and forall statements. In addition, inside an 
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MA procedure, the developer can display text to the end-user, create an instance of a 
class, and send a message to an instance. Figure 3.11 shows an example of procedure 
used in the MA knowledge base. 
procedure(repair_method) 
find message(repair_considerations, []); 
NATURE active dormant; 
CRACK nature crack; 
find message(repair 
- 
method, [NATURE, CRACK]); 
if (NATURE == active) I 
if (CRACK == pattern 
- 
cracking) 
eval(active_pattern_cracks); 
break; I 
else { 
eval(active_isolated_cracks); 
break; ) 
I 
else 
if (CRACK == pattern_cracking) 
eval(dormant-pattern_cracking); 
break; } 
else I 
eval(dormant-isolated_cracking); } 
} 
Figure 3.11 - An MA procedure for selecting a repair method for cracking in 
concrete. 
Object Oriented in M. 4 - In conventional programming languages, knowledge is 
centred on steps or procedures, whereas in an object-oriented representation of 
knowledge (discussed in Section 3.6.4), information is concentrated around objects, 
their properties and their behaviour. Object-oriented programming allows elements 
within an MA application to be described as objects. The MA object-oriented 
programming capability supports the definition of classes of objects and the creation 
of instances. MA objects also support inheritance of slots, slot values, and methods as 
well as message passing between objects. 
Inference Engine - In the main MA's body, the inference engine is a mechanism for 
seeking values for expressions by methodically considering previously stored 
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conclusions, relevant knowledge base entries and user-supplied information. Under 
these circumstances, the MA inference engine initially uses a backward chaining or 
reasoning process that works with input information and rules in the knowledge base 
in order to gain conclusions. In addition, forward chaining is another inference 
strategy that enables it to activate a special set of high-priority goals once conclusions 
matching a specified prototype are made. Forward chaining is supported in MA with 
the whenfound and whencached constructs, which cause actions to be taken after 
values for an expression have been sought. The action taken can be conditional, and 
may involve the invocation of a procedure or the initiation of backward chaining. 
The search strategy in MA is heuristic and the inference is triggered by a goal or 
initialdata statement. A goal is the ultimate expression to be evaluated, or hypothesis 
to be proven. An initialdata is an intermediate goal. 
Control in M. 4 -A control strategy is a method of controlling the performance of a 
consultation. In MA the control strategy is implemented through meta-rules and 
procedures. 
3.11 Summar 
Advances in computer hardware technology and software development make it 
feasible to develop expert systems that are an effective decision-making tool for 
concrete structures involved in diagnosing distresses, designing and in making 
decisions related to the selection of repair and rehabilitation procedures and materials. 
A review of'the application of expert system technology in structural engineering 
design and repair and maintenance of concrete structures has been presented in this 
Chapter. It has been shown that the knowledge normally used by concrete experts in 
computerized systems can be developed in the form of pictures, drawing, databases, 
guides and specifications. 
The fundamental components of an expert system, which have changed little since 
expert systems were introduced, are also highlighted. The knowledge representation, 
which is known as problem solving techniques, the inference engine and/or the logic 
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portion that operates on the knowledge and the knowledge acquisition are presented 
as the three basic components. Perhaps the most significant change in expert systems 
architecture is the representation of the knowledge within the computer and its 
interrelationships. Nevertheless, most knowledge is presented in the form of 
procedure rules. Development tools in use today make use of this form of knowledge 
representation in combination with other techniques such as semantic networks. This 
hybrid system is often called an object-oriented system which uses multiple inference 
procedures. 
The final part of this Chapter covers the selection of a development tool that allows 
flexibility for incorporating different knowledge forms and provides a high level of 
programming productivity. In this thesis an expert system shell, called MA, is used as 
a development tool that provides a platform for further enhancement and the addition 
of knowledge as well as providing a high level of programming productivity. 
In this thesis it is intended that pictures are used to lead the end-user in identifying 
causes of distress, using site investigation apparatus, selecting repair materials and 
methods and the corresponding remedies. It gives room for multimedia assistance in 
the selection of parameters and it gives rise to an architecture that is not centred 
around the expert system but one which is centred on the user interface. It is also 
proposed that the communication of the information through files enables other 
applications to manipulate the same data, for example storage and retrieval of 
concrete repair problems from a database. Database Management Systems (DBMS) 
technology and Expert Database Systems (EDS) are discussed in the next Chapter and 
their role in the application of multimedia assistance to design in a knowledge-based 
environment is considered. 
A av W, e, ý4 
Review of Database Management Systems 
4.1 Introduction 
Chapter 3 considered the fundamental concepts of Knowledge-Based Expert System 
technology. The need for data management in the field. of concrete repair in a 
Knowledge-Based Expert System was highlighted. 
This Chapter examines Database Management System (DBMS) technology by 
establishing an initial definition for some of the major concepts of database 
management architecture and data models such as hierarchical, network, relational 
and object-oriented. Furthermore, "Microsoft Access", a commercially available 
DBMS used in this research is discussed. Finally, various architectures for interfacing 
knowledge-based expert systems with database management systems are reviewed. 
4.2 Database System 
Databases and database systems have become an essential component of everyday life 
in modem society (Elmarsi R. et al, 2000). A database system is a computerized 
record-keeping system whose overall purpose is a structured repository collection of 
information shareable between different users which allows them to retrieve and 
update that information on demand. The information in question could be anything 
that is needed to assist in the general process of running the day-to-day activities of an 
organisation (Beynon-Davies P., 2000; Date C. J., 2000). 
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Databases were originally developed to marshal all available data in a common format 
so that the users could perform a variety of operations rapidly and conveniently. A 
', 
data, hardware, database system usually involves four major components comprising 
software, and users. These components, shown in Figure 4.1, are briefly considered in 
the following sections. 
Database management system (DBtvIS,, - 
Database 
iI 
---- 
0- L- I 
I Irl -- I , r- i ED 
Lz 
DIi cat icý,, 
End users 
Figure 4.1 - Simplified picture of a database system (Date CT, 2000). 
4.2.1 Data 
The most important component of a database system, certainly from the end-User's 
point of view, is the data so that the data act as a bridge between the machine 
components and the end-users. Therefore, the data structure is of fundamental 
importance to a database system which implies a series of related properties 
compnsing data sharing, data integration, data integrity, data security, data abstraction 
and data independence (Date C. J., 2000; Beynon-Davies P., 2000). These properties 
are explained briefly below. 
Data Sharin". - Individual pieces of data stored in a database can be shared amon,. z 
different users and are expected to be accessible concurrently. 
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Data Integration - One of the ma or characteristics of database usage is to ensure that i 
the data is integrated. "Integrated", means that the database which should be a 
collection of data can be thought of as a unification of several otherwise distinct files 
with any redundancy among those files at least partly deleted. 
Data Integrity - Property arising as a consequence of shared data is that a database 
should display integrity which refers to the accuracy or correction of data in the 
database. This means that if relationships exist for data in a database then changes 
made to one partner in such a relationship should be accurately reflected in changes 
made to other partners in that relationship. 
Data Security - One of the primary ways of ensuring the integrity of a database is 
restricting access. In other words protecting the database against users who are not 
authorised to access either certain parts of a database or the whole database. 
Therefore, in a database system the security and integrity control of the database is 
one of responsibilities of the Database Administrator (DBA). 
Data Abstraction -A database can be viewed as a model of reality. The information 
stored in a database is usually an attempt to represent the properties of some objects in 
the real world. 
Data Independence - The concept of data independence can be defined as the 
immunity of application programs to changes in the way the data is physically or 
logically stored and accessed. 
4.2.2 Hardware 
The hardware components of a database system consist of: 
> Secondary storage volumes, often magnetic disks that are used to hold the stored 
data, to communicate with the associated 1/0 devices, device controller, 1/0 
channels and so forth; and 
> The hardware processor and associated main memory that are used to support the 
execution of the database system software. 
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4.2.3 Software 
Between the database itself - i. e. the data as physically stored and the user of the 
system is a layer of software. This software is known variously as the database 
manager or database server or most commonly the Database Management System 
(DBMS) described in Section 4.4. The user can access the database and can perform a 
variety of operations through the DBMS. The facilities provided by the DBMS 
include adding and removing files, retrieving data from and updating data in such 
files, inserting data and/or changing data in existing files. 
4.2.4 Users 
Users can be broadly divided into three categories according to the way in which they 
use the system. Firstly there are application programmers who are responsible for 
writing database application programs in some programming languages such as 
COBOL, PLA, C-++, fourth-generation language and Java. 
Second there are end-users (naYve and sophisticated) who interact with the system 
from online workstations or terminals. NSfve end-users may merely access the 
database without any awareness of the applications programs which attempt to make 
the operations as simple as possible. Sophisticated end-users are familiar with the 
structure of the database and the facilities offered by the DBMS. 
A third category of users are Database Administrators (DBA's) who are responsible 
for the physical database design and implementation, security and integrity control, 
maintenance of the operational system and ensuring satisfactory performance for the 
applications and end-users. 
4.3 Database System Architecture 
A major aim of a database system is to provide users with an abstract view of data, 
hiding certain details of how data is stored and manipulated. Since a database is a 
shared resource of information, each user might require a different purpose of the data 
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held in the database. To satisfy these requirements, database system architecture is 
useful for describing general database concepts and for explaining the structure of 
specific database systems. 
The architecture of most commercial database systems available today is based to 
some extent on the so-called ANSYSPARC architecture (Date C. J., 2000; Connolly 
T. M. et al, 2000; Beynon-Davies P., 2000). Although this architecture does seem to fit 
most systems reasonably well it is not claimed that every system can be neatly 
matched to its particular framework. 
The ANSI/SPARC architecture which was proposed by the American National 
Standard Institute Standards Planning and Requirements Committee in 1975, is 
divided into three levels known as the Internal, Conceptual and External levels 
(Figure 4.2). 
External level 
(individuall uset views) 
Cohceptual-16vel 
(pommunity user view) 
Internal'ievel 
(storage, view) 
Fic e , ure 
4.2 - The three levels of ANSI/SPARC system architecture (Date C. J., 2000). 
These levels which are sometimes referred to as schernas or views, are briefly 
described as follows: 
> The internal level (or physical level) is the one concerned with the way in which 
the data is physically stored and the way in which the data might be accessed. 
> The external level (or user level) describes the usees or application programmer's 
view of the database individually. 
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> The conceptual level (or logical level) is a level of indirection between the other 
two. This level describes the organisation's view of all the data in the database, the 
relationships between the data and the constraints applicable to the database. 
In addition to these three levels, the architecture involves with two types of mapping, 
one conceptual/interval mapping and several external/conceptual mappings (Date C. J., 
2000). 
Conceptuallinterval mapping defines the correspondence between the conceptual 
level and the stored database. It specifies how conceptual records and fields are 
represented at the internal level. If the structure of the stored database is changed then 
the conceptual/interval mapping must be changed accordingly so that the conceptual 
schema can remain invariant. In other words, the effects of such changes must be 
isolated below the conceptual level in order to preserve physical independence. 
Externallconceptual mapping defines the correspondence between a particular 
external level and the conceptual level. In general, the differences that can exist 
between these two levels are analogous to those that can exist between the conceptual 
level and stored database. 
The major components of the ANSI/SPARC architecture and their interrelationships 
are shown in Figure 4.3. 
4.4 The Database Management System (L)BNIS) 
Databases were originally developed to marshal all available data in a common format 
so that the users could perform a variety of operations rapidly and conveniently. 
Database Management System (DBMS), which is the software - i. e. an organised set 
of facilities for accessing and maintaining one or more databases, organises and 
structures data so that it can be retrieved and manipulated by users and application 
programs. 
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4.3- system , 2000). 
A DBMS surrounds a database or series of databases as a shell through which all 
interactions take place with the database. The facilities provided by DBMS include 
data maintenance (adding and removing files, inserting new data into the database, 
modifying existing data), retrieving data from such files for use by application 
program, and data administration. The interaction created between a database, a 
Database Management System and DBMS facilities are shown in Figure 4.4. 
4.5 Database Nlangryement System Architectures 
Over the last decade, the architecture of DBMS packages has evolved from the early 
monolithic systems, where the whole DBMS software package is one tightly 
integrated system to the modem DBMS packages that are modular in design, with a 
client-server system architecture (Elmasri R. et al, 2000). 
Chapter 4- Review of Database Management Systems (DB'vlS) 
D, 11'a Nlnu-, ement Subsystem 
DBMS 
Informatioll Database 
al Administrat'on 
I 
Database 
-tire 4.4 - ýacilitics of a DBMS (Beynon-Davies P., 2000). 
77 
A client module is typically designed so that it will run on a user workstation or 
Personal Computer (PC). Typically, application prograrns and user interfaces that 
access the database nin in the client module. Hence, the client module handles user 
interaction and provides the user-fr-iendly interfaces such as forms or menu-based 
Graphical User Interfaces (GUI). The other kind of module, called a server module, 
typically handles data storage, access, search, and other functions. This section deals 
with the vanous DBNIS architectures which include centralized, file-server, and 
client-server. 
4.5.1 Centralized Architecture 
One of the earlier and basic system architectures that are used In database systerns is 
centralized DBNIS architecture. This architecture is used in mainframe system and 
mi nic omp Liters to provide the main processing for all functions of the system 
including user application programs. user interface programs as well as all the DBMS 
facilities. This traditional database architecture was used by DB2, SQL/DS and 
minicomputer databases such as Oracle and Ingres (Groff J. R. et al, 1990). An 
example of centralized DBMS architecture is shown in Figure 4.5. Z> I 
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Fi2ure 4.5 - Database Manazement in a centralized architecture (Groff J. R. et al, 1990). 
The user accessed such systems via computer terminals and all the processing 
(application and database) was performed remotely on the central computer and only 
displayed information and controls were sent from computer to the user's screen. 
Since the application program execution, user interface processing and DBMS 
functionality were carried out in one machine, if the system is shared by many users, 
the communication slows down drastically. 
4.5.2 File-Server Architecture 
In a file-server environment, all processing (application programs and DBMS 
functionality) are distributed from a Local Area Network (LAN). In this architecture, 
the file-server keeps the files required by application and DBMS while all processing 
are run on a PC (LAN) as illustrated in Figure 4.6. 
The DBMS on each workstation sends requests to a file-server which simply acts as a 
shared hard disk drive for blocks of data that are requested by DBMS. This data, 
which is stored on disk, is then constructed to the required form by DBMS running on 
a PC (LAN). Several requests are made by various numbers of users to the file-server 
before the DBMS reconstructs the data into the requested form - i. e. it can generate a 
considerable amount of network traffic loading to performance problems. 
Furthermore, because of multiple DBMS accessing the same files in this architecture, 
concurrency, recovery and integrity controls are more complex. 
Chapter 4- Review of Database Management Systems (DWAS) 
Workstation 2 
----Workslation 3 ,. Allorkstation 1 LAN 
Requests for (ýata Files returned 
ý -ii--7 ý 
Da ta t), -i se File-server 
7k) 
Fi-ure 4.6 - Database Manacrement in a tile-server arclilteCtLire (Connolly et al, 2000) 
4. -5.3 Client-Server Architecture 
The client-server architecture Is increasingly being incorporated into commercial 
DBMS packages (Elmarsi R. et al, 2000). To overcome the disadvantages of the 
previous architectures, client-server architecture was developed with a Local Area 
Network (LAN) of personal computers (clients) and a Database Management System ID 
(server). Therefore, a database system can be split into a very simple two-part 
structure, comprising the front-end (a server) and the back-ends (a set of clients). 
Figure 4.7 illustrates the client-server architecture for DBMS. 
The sen'er, which is just the DBMS itself, supports all the basic DBMS functions 
discussed in Section 4.4 such as data definition, data manipulation, data security and 
integrity, as well as all of the external, conceptual and internal levels of support 
discussed in Section 4.3. The clients are the various applications, which reside on the 
PCs, comprising the application programs, the report writers, query tools and the user 
interface. 
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In this architecture, the Structured Query Language (SQL), which was proposed by 
Codd (1990), has become the standard database language for communication between 
the front-end tools and back-end encrine. In addition, the network traffic is less than 1ý 
file-server architecture so that the server accepts and processes the requested data into 
a required form and then transmits the results back to the client as a simple reply. 
4.6 Data Models 
In the pre,, -ious sections, the interactions catered for by most existing DBIMS were 
presented NNhile this section deals with how the data is organised in the database itself. 
In the following sections a number of alternative data models for deFinin" data 
structures, data integrity and for manipulating data are briefly reviewed. All database 
software is built on an underlying data model which is a general architecture for data 
or-anisation. The proposed data models include record-based data models such as file 
mana,, cment, hierarchical, network, and relational data models and object-based data 
models like deductive and object-onented data models (Beynon-Davies P., 2000; 
Connolly TAL et al, 2000; Groff J. R. et al, 1990; Elmarsi R. et al, 2000). 
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4.6.1 File Mana2ement Svstems 
In the file management systems, files are directly organised on the storage disk by 
keeping track of the names and locations of the files on the'disk. This'systern basically 
has no data model and thus cannot distinguish between different types of files. 
Therefore, the knowledge about the contents of a file has to be embedded in the 
application programs that manipulate the data. The main disadvantages of this type of 
data management is that once the data in the file changes, the changes have to be 
effected manually in the application programs. 
4.6.2 Hierarchical Data Model 
The hierarchical data model uses two main data structuring concepts as records and 
parent-child relationships. In this data model, the records are organised in parent-child 
relationships. A record type is a named data structure composed of a collection of 
named field. A parent-child link is a one-to-many relationship (see Section4.6.4) 
between two record types which means that a data type can have "children" data 
types, but each child can have only one "parent" data type. The retrieval of the data 
involves navigation through the hierarchical structure. This model is not suitable for 
data with complex structures. The hierarchical data model is a restricted type of 
network data model. 
4.6.3 Network Data Alodel 
Like the hierarchical data model, in the network data model, data is represented as a 
collection of records which are organised in multiple parent-child relationships known 
as sets. In this model, the data can be stored in multiple values or. be represented as a 
composite of values which repeat. To use the network model, therefore, the user is 
required to be familiar with the structure of the database and to know where the data 
are stored. This model is still not very flexible in that the relationships and the 
structure of the records are pre-set. 
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4.6.4 Relational Data. Model 
The relational data model which was first proposed by E. F. Codd in 1970, has 
emerged from the research and development as the most popular commercial and 
industrial product (Beynon-Davies P., 2000; Desai B. C., 1990). This model is based 
on the mathematical concept of a relation with which the data and relationships are 
physically represented as a two-dimensional table. Each table has a number of 
columns with a unique name, known as field, and data is stored by means ofrows in 
the table. A primary key field is one or more known common columns of a table 
whose values are used to uniquely identify each of the rows in a table. These primary 
key fields relate the tables to each other. 
Unlike the previous data model, to use the relational model users do not need to know 
the exact physical structures to use the database. It can be said that a relational 
database is a collection of related data where all data are strictly orgamsed as tables ol' 
data values and where the entire database operations work on these tables. Figure 4.8 
shows a relational database table of the various concrete distresses. A row represents 
the cause and symptom of each distress while columns or fields represent the variOLIS 
items that constitute the cause and symptom. 
DETPB Deterioration Physical Insuff"icient Cover Bond failure Miscellaneous 
Cracking Distress 
CETPC Deterioration Physical Scouring Scaling, Surface Distress 
Disintegration 
and Removal of 
Materials 
! CETPO Deterioration Physical Scouring Polishing of Surface Distress 
Aggregate 
[ýETPE Deterioration Physical Aggregate 0. Pattern or Map Cracking in 
Cracking Cracking Concrete 
DETPF Deterioration Physical Joint Deterioration Joint Related Surface Distress 
Spalling or 
Faulting 
, 
CETPG Deterioration Physical Frost Attack Cracks at Joint, Cracking in (D-Cracking) Edge and Openin g, Concrete 
CETPH Deterioration Physical Frost Attack Pattern or Map Cracking in 
Cracking Concrete 
-1 
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A comparative example of hierarchical, network and relational data models is shown 
in Figure 4.9. 
Hierarchical Data Model 
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Miscellaneous Surface 
Distress Distress 
z\ 
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Cracking Spalling Scaling 
DEFECT DAMAGE DETERIORATION 
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Distress Distress 
......................... ........... 
.......... 
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Relational Data Model 
Distress Cateqory 
Dist ID Name 
T Defect 
2 Damage 
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Symptom Cate-qorv 
Sym ID Svmp. Name 
C Cracking 
S Surface Distress 
M Miscellaneous Distress 
Distress/Svmp tom Cateqorv 
Dist ID SVm ID 
c 
s 
2 s 
3 s 
3 m 
Svmptom TVpe 
Tvpe ID Tvpe Name 
LC Longitudinal Cracking 
SID Spalling 
SC Scaling 
Symptom Cate-qory/Symptom Type 
Sym ID Type ID 
c LC 
s SP 
s sc 
m LC 
Figure 4.9 -A comparative example of various data models. 
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The Relational Database Management System (RDBMS) has becorne the dominant 
data-processing software in use today (Connolly T. M. et al, 2000). For creating a 
RDBMS, several types of relational data models, which depend oil tile type and tile 
condition of data, can be used. The main relational types, shown in Figure 4.10, are 
considered in the following three categories (Viescas U., 1994): 00 
One-to-one relationship is used when a record of one table is related to no more 
than one record of another table. 
I ,- One-to-many relationship is used when a record of one table is related to many 
records of another table. 
Many-to-many relationship is used when a record of one table is related to many 
records of the second table, and many records of the second table are related to 
many records of the first table. 
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Structured Query Language (SQL) is the standard language for dealino with relational 1: 1 ZD 11: 1 
database and is supported by just about every database product on the market today 
(Date CT, 2000). SQL may be used as an integral part of a database management 10 
system, as a database programming language and/or as a tool for C0111171711.1nicating, with 
DBMS. An example of a query statement which may be used to return the main cause, 
symptom type in where the distress is deterioration, in where the cause category is 
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physical and in where the symptom category is cracking in concrete from the table 
shown in Figure 4.8 is: 
SELECT DISTINCTROW [concrete distresses]. [Distress Name], 
[concrete distresses]. [Cause Category], [concrete distresses]. [Main 
Cause], [concrete distresses]. [Symptom Type], [concrete 
distresses]. [Symptom Category] 
FROM [concrete distresses] WHERE fflconcrete distresses]. [Distress 
Name] ="deterioration") AND ([concrete distresses]. [Cause 
Category] ="physical")) AND ([concrete distresses]. [Symptom 
Category] ="cracking in concrete")); 
The result of the query is shown in Figure 4.11. Z- 
Distress Name Main Cause Symptom Type Symptom Category 
Deterioration Frost Attack Pattern or Map Cracking in Concrete 
Cracking 
Deterioration Frost Attack ýLongitudinal Cracking in Concrete 
Cracking 
Deterioration Frost Attack Random or Cracking in Concrete 
, 
Multiple Cracking 
i Deterioration Differential Random or Cracking in Concrete 
Thermal Strains Multiple Cracking 
I 
Deterioration Differential Cracks at Joint, Cracking in Concrete 
Thermal Strains Edge and Opening 
L4 14 8 
P ioure 4.11 - Kcsult trom the SQ)L selection. 
4.6.5 Deductive Data Model 
A dedLICtIve database is a combination of a relational database system and logic 
programming and is one of the approaches to building, intelli- II i(, ), ent database systems as 
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described in Section 4.8.1. The deductive data model involves Prolog as its Artificial 
Intelligence (AI) language which consists of facts and rules for manipulating data. 
Prolog offers both an inference engine and a relational connection with the relational 
data model. Prolog uses backward chaining as discussed in Section 3.7.2 and a depth- 
first search strategy (see Section 3.8.1). A variation of Prolog is called Datalog which 
is a deductive query language similar to Prolog but is more suited to database 
applications (Codd E. F., 1990; Elmarsi R. et al, 2000; Lafue G. M. E., 1983). 
4.6.6 Obiect-Oriented Data Model 
Existing relational database management systems are inadequate to handle complex 
database applications such as Computer Aided Design (CAD), Computer Aided 
Software Engineering (CASE) and Geographic Information System (GIS) (Connolly 
T. M. et al, 2000). Object-oriented techniques are more recent methods of software 
construction: they have great impact on the database and data modelling, they show 
considerable promise for solving some of these complex applications of software 
development. 
An object-oriented model is a package of data and procedures. Data is presented by an 
object whose properties and relationships are governed by its attributes. Procedures 
are defined by an object's method which is activated by messages passed between 
objects. 
In this data model, a class is a group of objects with the same properties and is used to 
define the common attributes, methods and relationships of a group of objects. 
Because the objects of a class can be stored and manipulated directly, there is no need 
to transform application objects into tables. An object-oriented database management 
system (ORION) was reported by Kim (199 1). 
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4.7 PC-Based Database Management Systems 
For many users, the process of selecting the best PC-based DBMS package can be 
difficult because, with the increasing power of PCs, most DBMSs are able to run on 
PCs. 
Besides the Relational Database Management Systems (RDBMS) mentioned in 
Section 4.6.4, many implementations of the relational data model emerged on the 
Personal Computer (PC) platform in the 1980s (Elmarsi R. et al, 2000; Connolly 
T. M., 2000). Examples of PC-based RDBMSs include Dbase IV, Paradox, OS/2, SQL 
server, and most recently Microsoft Access. 
In this research, a PC-based database is implemented using the Microsofl Access 
application which is described in the following section. 
4.7.1 Introduction to Nficrosoft Access DBMS 
Microsoft Access is a typical PC-based DBMS originally created for desktop 
computers and designed to be used by non-sophisticated database users. Access can 
be run as a stand-alone system on a PC or as a multi-user system across a network of 
PCs. It is one of the best known implementations of the relational data model 
(described in Section 4.6.4) on the PC platform where the relationships are established 
through key fields. 
Access allows data management and application development can be divided into two 
facility categories. Data management facilities comprise the creating of tables, 
relationships and queries. Access checks the integrity of the relationships during 
construction of a database and illustrates how relationships are built graphically 
(Figure 4.10). Thus, it eliminates errors during the retrieval of data. In addition, 
Access works like a complete application development environment in which the 
users can quickly develop forms and reports for input/output operations in a standard 
database system. 
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Data definition and manipulation in Access is provided by a database engine and a 
Graphical User Interface (GUI) with the power of Structured Query Language (SQL) 
(defined in Section 4.6.4). The Access GUI provides a graphical method to defining 
tables and relationships among them. A table, which can be created directly in a 
design view, contains the formatting of the field layout. The data types for fields 
include text, memo, number, date/time, currency, counter, yes/no and OLE objects. 
The text data type is any text string of fewer than 255 characters long while a memo 
data type can be any text of fewer than 64 kilobytes. Using Object Linking and 
Embedding (OLE) technology allows programmers to link an object from an 
application (like spreadsheets) into another application (like word processing 
document). OLE is described in detail in Chapter 6. 
Data manipulation operations of the relational model are divided into retrieval queries 
and updates (insert, delete, and modifying operations). To ask a question about data in 
a database, a query is designed by Access which can be implemented either 
graphically through a Query-By-Example (QBE) interface or programmatically 
through Access SQL, micro and/or module. A QBE is a graphical method for 
developing, a simple query in the design view of the database. While the user then has 
the ability to switch to the SQL view to examine the SQL query generated by Access. 
Figure 4.12 shows the query both in QBE and SQL. Access provides for update 
operations through forms that are built by the application programmer by direct 
manipulation of the tabular data in database view, or through the Access Basic 
programming language. 
A micro in Microsoft Access is an object that is a structured definition of a set of 
actions which can automate common tasks in cases where defined events in the 
database perform repeatedly. Modules are units of-code written in the Access Basic 
programming language. It is often used to automate and customize the database in 
very sophisticated ways in cases where the queries are too complex to be implemented 
as- a macro. Modules can be stand-alone objects containing functions or they can be 
called from anywhere in application, or they can be directly associated with forms and 
reports to respond to events on the associated form or report. Modules are 
implemented in Visual Basic for Application (VBA) programming language. 
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Figure 4.12 - Defining a query (a) Access QBE and (b) Access SQL. Zý =1 
4.8 Knowledge-Based Expert System and DBNIS Interaction 
The K-nowledge-Based Expert System (KBES), which was reviewed in Chapter 3, is 
based on two fundamental principles; (1) the appropriate representation of domain 
knowledge, and (2) the control of this domain knowledge. A database inanagernent 
system (DB'NIS) xvhich is a pool of shared facilities used to access and manipulate a 
database, acts as the interface between end-users, application programs and tile 
database. Data models that have been developed for database share the same overall 
objectives as knowledge representation schemes for Expert Systems. Obviously, tile 
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interaction of the expert system (ES) and the database would benefit for both these 
technologies. 
Knowledge-based expert systems or expert systems (ES) in general, will contribute to 
database systems in providing a useful reasoning ability in query optimization tasks. 
The DBMS technique will contribute to expert systems in giving them the ability to 
access large collections of facts and also to apply features such as concurrency 
control, data security and optimized access to knowledge base items (Beynon-Davies 
P., 1991; Jarke M. et al, 1984). 
The combined use of database management systems (DBMS) and knowledge-based 
expert systems (KBES) is potentially very valuable for modem engineering 
applications. The large body of facts usually required in information systems can be 
made available to an ES through an existing commercial DBMS. Furthermore, the 
DBMS itself can be used more intelligently and operated more efficiently if enhanced 
with ES features. 
Therefore, in this section a variety of ways in which an expert system might interact 
with a database are reviewed. These ways can be organised along with a spectrum of 
architectures ranging from database systems with integrated deductive capabilities 
(e. g. an enhanced database system), to expert systems with integrated database 
management facilities (e. g. an enhanced expert system), finally to the coupling 
independent expert system and database management system. 
4.8.1 Database Systems with Inte2rated Deductive CaDabilities 
The deductive data model fundamentally involves the application of formal logic to 
the problems of data definition, data manipulation and data integrity. Variants of 
standard Prolog known collectively as Datalog have been used in most deductive 
databases. Prolog, or more generally logic programming is an artificial intelligence 
language designed to implement aspects of formal logic as a programming 
environment. Datalog is a variant of Prolog specially designed for database work 
(Beynon-Davies P., 2000). 
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Therefore, a deductive component is joined with a DBMS to have the possibility of 
significantly improving the productivity of information systems development and 
maintenance. It is noted that involving the Prolog language for a relational DBMS is 
one of the approaches to building an Expert Database System (EDS) (Beynon-Davies 
P., 2000). Some specific programs are used by Walker (1983) to show that Prolog is a 
practical language for bringing together apparently diverse techniques in databases 
and expert systems. In addition, Lafue (1983) discussed basic decisions about linking 
of a particular ES to DBMS with comparing between Prolog as logic programming 
and STROBE as an object-oriented language. Furthermore, it is being attempted to 
extend Datalog to produce deductive object-oriented system. 
In this expert database system (EDS), which is sometimes referred to an Intelligent 
Database System, there are possible ways of linking deductive components to a 
DBMS (Jarke M. et al, 1983; Beynon-Davies P., 1991): 
1- Embedding. Deductive routines are embedded with the DBMS itself and act as 
one more facility of the DBMS (Figure 4.13). 
2- Filtering. User and application program queries are directed through a deductive 
component before being processed by the DBMS. In this sense, the deductive 
component acts as an interface between the DBMS and the user or application 
programs (Figure 4.14). 
USER 
DBMS Deductive Routines 
Figure 4.13 - Intelligent Database System: Embedding. 
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USER 
DBMS Deductive Component 
Figure 4.14 - Intelligent Database System: Filtering. 
3- Interaction. The DBMS, rather than- the user or application programs interacts with 
the deductive component (Figure 4.15). 
Figure 4.15 - Intelligent Database System: Interaction. 
4.8.2 Expert Systems with Integrated Database Management Facilities 
In this -expert database system (EDS), the enhancement of an expert system can be 
internally or externally done by extending its data management facilities (Jarke M. et 
al, 1983; Beynon-Davies P., 1991). 
I- Internal enhancement. These are systems which extend the programming language 
or enviro=ent in which the expert system is written (e. g. Prolog). An example of 
an expert system with internal DBMS is shown in Figure 4.16. 
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Figure 4.16 - Internal enhanced expert system. 
2- External enhancement. An Expert System (ES) can be evolved to incorporate 
DBMS facilities with external links. These two systems may be loosely or tightly 
coupled. 
Loose coupling. In a loosely coupled system, as shown in Figure 4.17, a dynamic 
link does not exist between the expert system and database. It means that the 
DBMS is used to store data which is not required as part of the knowledge base. 
Therefore, the data is usually delivered statically to the expert system from the 
database prior to the execution of the expert system. 
I 
USER 
Expert Database System 
DBMS Expert j System 
Figure 4.17 - Extemal enhancement of an expert system, loose coupling. 
One of the main advantages of this method is its ability to use existing database 
and avoid replicating data unnecessarily. While the separation of the deductive 
phase and data retrieval phase is one of the major disadvantages of this approach. 
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> Tight coupling. Tight coupling occurs when data is retrieved from the database as 
a part of knowledge during the execution of an expert system. In this approach, 
the DBMS acts in the capacity of a slave to the expert system in which this 
overcomes many of the advantages of loose coupling. In contrast, such free 
interaction can cause a severe slowing down of the expert system performance. An 
example of a tightly coupled approach is shown in Figure 4.18. 
ER 
I 
Expert Database System 
DBMS 
J4-- Expert 
System 
Figure 4.18 - External enhancement of an expert system, tight coupling. 
4.8.3 Coupling Independent Expert System and Database Management System 
In this type of expert database system (EDS), the expert system and the database are 
coupled as an independent system that operates either as two entirely separate systems 
with their own set of users or as a two co-operating' systems. Three possible 
architectures for the coupling of independent systems have been known (Beynon- 
Davies P., 1991; Jarke M. et al, 1984). 
A first strategy is for a total distribution of processing and control such that both 
systems can operate independently and can interact by exchanging messages. An 
advantage of this architecture is a large degree of application and system 
independence allowing for transportability to other ES and DBMS, whereas inevitable 
problems arise in the areas of data integrity and redundancy. A simplified architecture 
is shown in Figure 4.19. 
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LUSER 
DBMS 
Expert 
System 
Control routines 
Figure 4.19 - Coupling independent ES and DBMS, distributed processing and 
control. 
A second possibility, as shown in Figure 4.20, is that either the DBMS or the expert 
system may be assumed to dominate. This approach can generally be followed by 
researchers who focus on one direction of the interaction between ES and DBMS. 
This is likely to be more flexible architecture but the integration of addition further 
subsystems is difficult. 
USER 
DBMS Expert System 
Control routines 
Figure 4.20 - Coupled independent ES and DBMS, domination of control. b, 
Finally, in a third architecture (Figure 4.21) processing method is distributed, but 
control is the responsibility of an independent subsystem which performs all of the 
necessary steps for interfacing the ES with the DBMS and manages the interaction 
between them. 
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Figure 4.21 - Coupled independent ES and DBMS, independent subsystem. 
A prototype of such architecture called KADBASE (Howard H. C. et al, 1986) has 
been implemented for interfacing expert systems with database management systems. 
Application components of this prototype system are taken from the structural 
engineering domain in which multiple expert systems and multiple databases can 
communicate as independent self-descriptive components within an integrated 
engineering CAD (Computer Aided Design) system operating in a network- 
computing environment. 
There are a number of advantages inherent in the use -of a subsystem to handle the 
problem of coupling independent expert systems and database management systems 
(Beynon-Davies P., 1991). These advantages are surnmarised as follows: 
> Flexibility. It enables the user to run expert system and database systems 
independently or interdependently. 
> Efficiency. It allows expert systems the capability of managing large volumes of 
data without overloading the expert system. 
> Versatility. The subsystem architecture allows the users to add pre-existing expert 
systems or database systems incrementally. 
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> Functionality. Expert systems can exploit the data management facilities of the 
DBMS such as efficient retrieval, concurrency control and integrity mechanisms. 
4.9 Summarv 
In this Chapter, database management system (DBMS) technology has been reviewed 
from an architectural point of view. Many aspects relating to the database systems 
were covered including database management architecture, data models, PC-based 
database application and an overview of Expert Database Systems (EDS). 
First, a database system can be thought as a computerized record-keeping system. 
Such a system involves the data itself (stored in the database), hardware, software (in 
particular DBMS), and the users. 
A typical database system architecture, so-called ANSI/SPARC, was highlighted. 
Such architecture divides a database system into three levels comprising the internal 
level, which is the one closest to physical storage; the external level, which is the one 
closest to the users; and the conceptual level, which is a level of interaction between 
the other two levels providing a community view of the data. 
This Chapter has taken a closer look at database management system (DBMS) 
architectures. Database systems can be conveniently thought of as consisting of a 
server (the DBMS itself) and a set of clients (the applications). Client and server can 
and often will run on separate machines, thus providing one simple kind of distributed 
processing. In general, each server can serve many clients, and each client can access 
many servers. 
Database systems can be based on a number different data models. The data model 
adopted for this research is the relational data model (discussed in Section 4.6.4) 
because of its flexibility in establishing new relationships in the data at runtime. This 
is envisaged to be particularly suitable for application to repair of concrete structures 
as the diagnosis is based on the selection of various parameters (discussed in Chapter 
7). The relational data model can be converted to most knowledge base representation 
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models. RDBMSs are the logical first step in building knowledge-based systems, 
however, natural connections have been made with the whole area of logic 
programming and knowledge-based systems. 
A PC-based architecture is used in the application developed in this thesis because it 
can mostly be used on PCs or PC networks. Microsoft Access, the commercially 
available DBMS that was used in this research, is reviewed in this Chapter with 
particular emphasis on its data management and application development facilities. 
The ability of Microsoft Access to store and manipulate multimedia data makes it 
suitable for developing a multimedia database and the need of which is highlighted in 
the Chapter 3. 
Finally, the interaction of an expert system and a database system reviewed in this 
Chapter shows that the integration of expert systems into the existing database 
management systems can avoid frictions and duplication of effort. A number of 
architectures which are currently being used are compared. A coupled independent 
subsystem connection between the DBMS and the expert system (ES) is considered 
for use in this research because of the need for flexibility and functionality in the 
interaction between the expert system, database and the user. 
A 
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Development of a Questionnaire 
5.1 Introduction 
The acquisition of knowledge for expert systems is most frequently impeded by a lack 
of communication between the expert and the knowledge engineers involved in 
building such systems. This is sometimes rooted in the knowledge engineers' lack of 
understanding of the specialist terms of domain as well as the fact that the knowledge 
engineer cannot ask the relevant questions of the expert. This Chapter presents data 
survey methods and discusses procedures adopted in developing a questionnaire for 
the eliciting of knowledge. It also includes the process of selecting the survey method, 
defining the subjects to be covered by the questions, preparing the questionnaire and 
selecting the survey samples. The aim of survey was to gather state of the art 
information on repair products in the LJK. 
5.2 Information System 
Information systems are accepted as an essential prerequisite to the successful 
fulfilment of the aims of any organisation. A project concerned with the performance 
of concrete structures may involve many organisations with differing opinions and 
aims. Groups engaged in this effort include the client, construction contractors, 
consulting engineers and construction material suppliers. 
Contractors, consulting engineers, and material manufacturers are concerned with the 
execution, analysis, design, and supply of materials in a project to an acceptable level 
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of quality within a specified time period. All of these groups will typically require 
information to perform a multitude of tasks. 
Information is basic to the successful execution of each project and especially to the 
repair of a concrete structure. However, there has always been a view that the correct 
diagnosis of the cause of damage to a concrete structure presents difficulties to 
engineers. This may be for many reasons including the general lack of good quality 
information. In many engineering fields, the questionnaire is used as a means of 
gathering information or data. 
5.3 Selection of the Survev Method 
Rea and Parker (1992) state that survey research, direct measurement and observation 
are used for primary data collection. As the main techniques, they also claim that 
"there is no better method of research than the sample survey process for determining 
with a known level of accuracy, information about large populations. " 
In the case of social research, Smith (1991) states that statistical procedures have 
become the most used methods. He supports his view with the following reasons: 
u The survey method is a good procedure for the explanation of individuals' 
attitudes, values, beliefs and motives. 
u It can be structured in order to obtain specific information from a broad 
population. 
ci Data collection through the survey method is very cheap, simple and easy to 
administer. 
u There are several standard statistical procedures for the analysis of data. 
Amongst the numerous methods of data collection, according to Oppenheirn (1992), 
interviews led to the basis of a structured questionnaire, and questionnaires distributed 
by mail are widely used for data collection. Similarly, Baker (1994) states "Using 
questionnaires and giving interviews are based on a set of questions. In the 
questionnaire, these questions are written down and the respondent reads them and 
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give written answers. In an interview, the interviewer asks the questions as they are 
written in an interview schedule and then records the respondent's answers either by 
writing them down or recording them electronically. " According to Assadi (1997), 
both methods have advantages and disadvantages. He summarises the advantages and 
disadvantages of interviews and questionnaires as follows: 
m Interviews 
c3 To have the opportunity of selection each respondent. (advantage) 
c3 To clarify any ambiguity in question or response immediately. (advantage) 
u Bias: the interviewer may carelessly alter the direction of questions during the 
interview by a change in tone of voice or other subtle means. (disadvantage) 
m Mailed questionnaire 
0 Cheaper than other data collection methods. (advantage) 
0A greater coverage is achieved by a broadly spread sample. (advantage) 
0 To avoid problems such as interviewer bias. (advantage) 
13 Mailed questionnaires are suitable for questions needing a considered response 
and requiring consultation of documents rather than an immediate answer. 
(advantage) 
u It is the most appropriate way for the respondent who can complete the 
questionnaire in his/her own time. (advantage) 
o The questions need to be relatively simple. (advantage) 
u The method may suffer from poor response rates or response bias. (disadvantage) 
Finally, relating to the issues discussed and the fact that questions to be asked are 
relatively simple; it is recognised that greater coverage is possible by questionnaire 
mail. Therefore, it is considered that the most appropriate method for data collection 
in the field of repair materials is likely to be through the use of a mailed questionnaire. 
However, one of the most important problems concerning the mail questionnaire is an 
acceptable rate of response. By comparing Nachmiass' work (1976) with Weisberg et 
al (1996), the typical response rate for a mailed questionnaire is between 10% and 
50%. Nevertheless, using self-addressed envelopes and conducting a follow-up 
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process are techniques to be used to improve the response rates. In addition, it is 
expected that the questionnaire will provide: 
u Data needed for objectives and hypothesis in relation to a repair and maintenance 
for a concrete structure research program. 
c3 An opportunity to gather appropriate knowledge that will infonn expert advice 
about improving the repair scheme (materials and techniques) in order to ensure a 
durable repair. 
In the repair and maintenance of concrete structures research program a decision was 
made to elicit the views of the groups involved in this area i. e. repair contractors, 
repair consulting engineers and repair materials suppliers. 
The nature of the questions to be addressed to the repair material suppliers differed 
slightly from those to be addressed to repair contractors and consulting engineers. 
Therefore, two questionnaires were designed for use in this project. 
5.4 DefininLr the Ouestion Area 
According to Rea and Parker (1992), the main objective prior to the development of a 
questionnaire is to gather preliminary information about the subject concerning 
interested parties and key individuals. This was, actually, the main issue discussed in 
Chapter 2 (the general problems in the repair and maintenance of concrete structures). 
The questions were presented in a sequence designed to elicit the most useful 
responses. From the preliminary investigation into the general problems in repair and 
maintenance of concrete structures, a number of interesting questions emerged about 
which useful information could be gathered. 
5.5 Information Gathering 
The following issues were specified as information gathering questions to be included 
in the questionnaire. Some of these items are not relevant to repair materials and thus, 
were excluded from the questionnaire. The specified issues are classified into six main 
areas as follows: 
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5.5.1 General 
* Questions including the main areas of experience, number of years involved in 
repair and maintenance of concrete structures and size of contracts being 
supervised by those participating in the survey. 
* Policies adopted by the companies relating to repair and maintenance (materials 
and techniques). 
5.5.2 Repair and Maintenance- General 
* Identifying any specific problems in the repair and maintenance of concrete 
structures. 
+ Identifying how the repair and maintenance procedures in concrete structures 
could be improved. 
* Specifying problems that are affected in repair and maintenance. 
* Specifying how technical records are kept for repair material. 
5.5.3 Repair and Maintenance- Causes and Impairments 
+ Identifying the most important conditions that affect concrete integrity or 
serviceability. 
+ Identifying the causes resulting in structural effects, concrete damage and concrete 
deterioration. 
* Specifying the most common impairments that manifest in concrete structures. 
+ Specifying the impairments manifest in concrete structures including structural 
effects, concrete damage and concrete deterioration. 
5.5.4 Repair and Maintenance -Diagnosis and Repair Techniques 
* Identifying how an impairment of a concrete structure could be assessed. 
+ Identifying some information which should be obtained about the background of a 
structure. 
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* Specifying how information should be obtained through interview with engineers, 
material suppliers, and workers. 
* Identifying the most important issues which may be considered in a visual 
inspection. 
* Identifying tests which are often performed during in-situ investigations and 
laboratory investigations. 
+ Specifying the factors that might affect the selection of repair methods. 
+ Indicating the techniques that usually apply in the repair of concrete structures. 
+ Specifying the repair systems that often apply in the repair of concrete structures. Z) 
* Identifying various kinds of procedure that are often applied in the techniques of 
repair of concrete structures. 
5.5.5 Repair and Maintenance -Materials 
* Identifying the factors that might affect the selection of repair materials. 
* Identifying the various kinds of polymer which are often used in Polymer Portland 
Cement Concrete (PPCC), Polymer Concrete (PC), and Polymer Impregnated 
Concrete (PIC). 
* Identifying the various kinds of cementitious and pozzolanic materials which are 
usually used in the repair of concrete structures. 
5.5.6 Repair and Ntaintenance-Aliseellaneous 
* Identifying any constraints in restoration projects. 
* Identifying the compatibility of the repair materials with each other and with the 
existing concrete. 
* Identifying the various factors that affect the compatibility of repair materials. 
5.6 Developing, the Questionnaire 
Having specified the objectives of the survey questions, the next stage involved 
writing up the questions (Assadi, 1997). By comparing Rea and Parker's work (1992) 
with Baker's (1994), it can be concluded that the development of a questionnaire is an 
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essential component of each survey research process with respect to considerations 
such as unambiguous, clear, and simple questions that make up the questions. 
There are two types of question format that can be used in order to achieve the 
objectives stated, i. e. open-ended and closed-ended forms of questions. An open- 
ended question format permits respondents to assert his/her beliefs, feelings and 
recommendations. Whereas, closed-ended questions may constrain the respondents to 
select from a specific number of responses (Assadi, 1997). 
Both question formats have distinct advantages and disadvantages. Therefore, it was 
decided to use both types of questions in order to make up the questionnaire in repair 
and maintenance of concrete structures. This is considered to be beneficial in 
gathering information and in reducing the effects of the disadvantages of both 
procedures. 
In the next stage, the structure of the questionnaire is organised by the identified 
questions in an intelligent manner. Amongst so many researchers, Weisberg et al 
(1996) recommend organising the questions so that they flow smoothly. For example, 
early questions should not be threatening and should not direct later answers. Taking 
such advice into consideration, the repair and maintenance of the concrete structures 
questionnaire was structured and presented in nine sections as follows: 
" Section A covers questions regarding the respondents' background. 
" Section B covers questions regarding company policies. 
Section C covers questions concerning repair and maintenance of concrete in 
general. 
Section D covers questions concerning the most important causes of defect, 
damage and deterioration of concrete. 
9 Section E covers questions regarding the most important impairments in concrete 
structures. 
9 Section F covers questions relating to the assessment of impairments of concrete 
structures. 
* Section G covers questions relating to techniques of repair of concrete structures. 
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* Section H covers questions relating to the use of various kinds of material in the 
repair of concrete structures. 
Section I covers questions regarding miscellaneous issues relating to repair and 
maintenance of concrete structures. 
The repair materials questionnaire was also structured and presented in six sections as 
follows (see Appendix A): 
" Section A covers questions regarding respondents' background. 
" Section B covers questions concerning company policies. 
" Section C covers questions regarding repair materials in general. 
" Section D covers questions concerning technical records in repair materials. 
" Section E covers questions relating to the use of various kinds of material in the 
repair of concrete structures. 
Section F covers questions regarding miscellaneous issues relating to repair 
materials. 
5.7 Selecting the Survey Sample 
The questionnaire is designed to study the repair and maintenance of concrete 
structures and this category of the construction industry organisations would normally 
include civil engineering contractors, consultants and material manufacturers. It was 
decided to select organisations from the Concrete Repair Association (CRA), the 
International Concrete Repair Institute (ICRI) and other civil engineering contractors, 
consultants and material suppliers in the U. K. Details of contact addresses were 
available for 30 consulting engineers and concrete repair contractors and 36 material 
manufacturer in the U. K. 
5.8 Conducting the Main SurM 
A considerable effort was made to produce the questionnaires in the most efficient 
professional manner. Each of the questionnaires was prepared in booklet form and 
introduced by highlighting the importance of the respondent's contribution to the 
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study as well as assuring him that all responses would be treated confidentially. A 
stamped self-addressed envelope was also enclosed with each questionnaire to 
encourage quick response. By the end of few weeks after the original mailing, about 
50% of the questionnaires were returned. Of amongst these, only 35% of the 
questionnaires were usable. Table 5.1 shows the summary of the results from these 
questionnaires of which their contents were contributed in the database. 
Table 5.1 - Summary of the results from the questionnaires contributed in the 
database. 
Company Contributed Comments Included Products Number of 
Name Products 
Structural Repair Materials, Repair Epoxy, Polyurethane 45 
Chemical Methods, Compatibility of Repair 
Materials, General Comments 
Limited 
sbd Limited Repair Materials, Repair Polyester, Epoxy, Polymer, 45 
Methods, Compatibility of Repair Cement, Acrylic, SBR, 
Materials, Concrete Distresses, Cementitious Materials, 
Investigation and Diagnosis, Polyurethane, Silicon 
General Comments 
TAM Repair Materials, Repair Polymer, Cement, Acrylic, 18 
International Methods, Compatibility of Repair Cementitious Materials, 
Materials, Site Investigation SBR, Polyurethane, PVC, Consultants 
Epoxy 
Ltd. 
Harris Repair Materials, Repair Cement, Polymer, Epoxy, 17 
Specialty Methods, Compatibility of Repair Acrylic, Silicon Organic 
Materials, Concrete Distresses, Materials 
Chemicals 
Investigation and Diagnosis 
(HSC) UK Ltd. 
Fullstop Repair Materials, Repair Methods Polymer, Cement 5 
Technology 
Limited 
Atraverda Repair Materials, Repair Polymer, Cement 1 
Limited Methods, Compatibility of Repair 
Materials, Investigation and 
Diagnosis, General Comments 
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Table 5.1 (Continued). 
Company Contributed Comments Included Products Number of 
Name Products 
Ronacrete Repair Materials, Repair Cement, Acrylic, Epoxy, 16 
Ltd. Methods, Compatibility of Repair Polymer, SBR 
Materials, Site Investigation 
Don Repair Materials, Repair Polymer, Silicate, Acrylic, 62 
Construction Methods, Compatibility of Repair Cement (PFA, HAC, 
Materials, General Comments Microsilica), Bituminous 
Products Ltd 
Emulsion, Epoxy, Polyester, 
Aggregate, Polyurethane, 
SBR, Styrene-Acrylic 
Feb NIBT Repair Materials, Repair - 
Methods, Compatibility of Repair 
Materials, Site Investigation 
Perma Rock Repair Materials, Repair - 
Products Ltd. Methods, Compatibility of Repair 
Materials, Concrete Distresses, 
Investigation and Diagnosis 
Astor-Stag Repair Materials, General - 
Limited Comments 
5.9 Summaj: y 
Knowledge acquisition is the most crucial and difficult part in the development of an 
expert system. It needs highly skilful manipulation to extract and assemble the 
information and knowledge used to solve a specified problems (Cabrera, J. G. et al, 
1995). After reviewing the relevant problems discussed in Chapter 2 and describing 
the preliminary studies carried out to develop a knowledge base (Chapter 3) and to 
create a database (Chapter 4), this Chapter has described the procedures adopted in 
developing the instrument used for collecting a part of the research data. It included 
the process of selecting the survey method, defining the question areas, and preparing 
the final version of the questionnaire. 
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This collected research data contributed to develop the knowledge base (discussed in 
Chapter 8) that would guide specifiers, owners and contractors in the choice of 
effective and durable repair schemes for reinforced concrete structures. Another of the 
main features of this collected research data will be to help in creating a database of 
repair materials and techniques, discussed in Chapter 7. The purpose of the database is 
to provide storage of material specifications along with manufactures' general 
information and application information for repair materials in the UK. 
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Overview of DEMAREC: Diagnosis, Evaluation, 
MAintenance and R-Epair of Concrete 
structures 
6.1 Introduction 
The central feature of this research is the integration of two hitherto separate areas of 
Information Technology (IT). Firstly, integrated engineering computing systems have 
evolved and these are based upon sets of algorithmic programs that interact with a 
central database management system (DBMS). Secondly, knowledge-based 
programming techniques or expert systems (ES) are applied to a wide range of 
engineering problems. Because these two subject areas have not been integrated 
previously, most of the prototype expert system applications in engineering have been 
restricted to limited amounts of data and have no facility for sophisticated data 
management. As expert systems are integrated into complex engineering computing 
environments, the database management capabilities of the integrated systems must be 
adapted to serve these new components. 
The need exists for an interface between the knowledge-based expert systems and 
DBMS. It has been shown in Chapters 2,3 and 4 that the maintenance and repair of 
concrete structures represent a classical problem for the application of expert systems 
in collaboration with database management system (DBMS). The Diagnosis, 
Evaluation, MAintenance and REpair of Concrete structures - DEMAREC 
application, which is presented in this Chapter, is developed as a new software and 
focuses on integration of concrete distresses (including cracking, surface and 
miscellaneous distresses), investigation and diagnosis problems, repair materials and 
Chapter 6- Overview of DEMAREC ill 
methods and given recommendations relating with them. Effectively, Chapters 2,3 
and 4 deal with the DBMS and ES aspects of this research and this Chapter deals with 
the their interaction with each other and the envirorunent. 
6.2 Windows Environment and its Features 
Microsoft Windows 95 is a graphical operating system with several features such as 
multithreading and multitasking. In process-multithreading, the system allows more 
than one instance of the same application to run simultaneously. While in process- 
multitasking the system enables more than one application to run simultaneously 
through the communication features of the Windows environment. These features 
include Dynamic Link Libraries (DLL), Dynamic Data Exchange (DDE) and Object 
Linking and Embedding (OLE). 
A Dynamic Link Library (DLL) is an executable module comprising functions used 
by the applications to perform certain tasks, to communicate with the Windows 
environment and to make use of Windows resources. DLL supports multitasking i. e. a 
copy of a DLL function can be shared by several applications. 
Dynamic Data Exchange (DDE) known as a DDE conversation is a method by which 
applications exchange data in a Windows environment. A DDE Link is used by 
applications which are closely coupled e. g. an expert system and a database 
application (see Section 4.8). The disadvantage of using DDE is that it requires 
programming to establish a link between applications. Z 
In Object Linking and Embedding (OLE) which is an alternative to DDE, an object 
from one application can be incorporated into another application. The application 
supplying the object is called the source application while the application receiving 
the object is called the container application. An object is either linked to or 
embedded into the container application. Linked objects can be updated automatically 
each time the source file changes while embedded objects can be edited from within 
the container application. In the application developed in this research, the Microsoft 
Power Point application was linked to the main application through the OLE. 
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6.3 Visual Basic as an Interface Development Environment 
Like the Windows environment, Visual Basic takes advantage of the communication 
features such as Dynamic Link Libraries (DLL), Dynamic Data Exchange (DDE) and 
Object Linking and Embedding (OLE). Visual Basic makes use of the standard 
Windows tools e. g. toolboxes, buttons and dialogue boxes by accessing the 
appropriate DLLs. For instance, Visual Basic can make use of the Windows dialogue 
boxes which reside in the commondialog-dll file. Apart from the Windows features, 
Visual Basic supports its own class of controls known as Visual Basic Controls. 
Visual Basic enables the application developer to access the powerful features of 
Windows. The communication and data sharing features presented in this Chapter 
form the basis for the communication and data sharing between the component 
applications of DEMAREC software. 
6.4 System Description 
DENLAREC is a Visual Basic interface in which a multiple production rules expert 
systems (DEMAREC-EXPERT) is coupled to an independent database management 
system (REPCON) and evaluation program (ECON). The main features demonstrated 
in this research software include: 
> Evolving knowledge and database. 
> The integration of pictures and descriptive information in a way that makes 
problem solving easier. 
> The creating of Graphical User Interface (GUI) gives inexperience users the 
ability to access the full range of DEMAREC program capabilities in order to 
control the communication between the components of the program. 
> An environment in which both experts and their added data can be evaluated and 
tested to ensure that the evolving system retains its integrity. 
The architecture of DEMAREC, shown in Figure 6.1, consists of knowledge-based 
system interfaces for each knowledge-based expert system (DEMAREC-EXPERT), 
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database interface for REPCON database management system and an evaluation 
management interface for evaluation of concrete (ECON). 
USER 
DEMAREC-EXPERT DEMAREC '4' -1 REPCON 
User-interface 
1 -01 
User-Interface 
User-interface 
14 
11 
Knowledge Bases: 
w Original Database: CRACON, SURCON, MISCON 
Descriptive Information, 
Digitized pictures. 
Context ECON . Self-Assessment 
I User-Interface 
. Add New Data to Database Inference Engine 
I Context I 
Inference Engine 
Figure 6.1 - DENIAREC architecture. 
6.4.1 REPCON Database 
The connection between the REPCON database and the DEMAREC user-interface 
enables retrieval of data for use by both the user and the expert system. The REPCON 
imagebase consists of digitized photographs and drawings saved in a file in binary 
format. The binary file is then loaded into the database using the standard Visual 
Basic "Appendchunk' procedure. This information is obtained from field investigation 
and technical reports. images are used in the vicinity of the expert system for the 
visual display of distress problems. This visual display assists the user in determining 
the type of distress which relates to the specific problem by allowing the user to view 
many types of distress. 
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More importantly the REPCON management system is designed to be an effective 
support tool for experts whose data can be evaluated and tested to ensure that the 
evolving database retains its integrity. By providing a quantitative and consistent 
means for evaluating both new data and the person contributing it, the confidence 
level (CL) allows the new knowledge and experience to be gathered and monitored 
overtime. It is shown how a computerized database management system can allow an 
initial database to evolve and to become a forum for exchanging ideas in the field of 
concrete repair. 
6.4.2 Knowledge-Based Expert System 
The expert system comprises production rules knowledge modules controlled by 
procedures. The modules are dynamically loaded and unloaded into the working 
memory as and when required by the application. Different forms of knowledge are 
needed to make expert decisions about the condition of a structure. A wealth of 
information regarding causes and effects of concrete distress has been gathered in 
three individual knowledge-based expert programs which can be run in the visual edit 
screens at the same time as the database is used. Facts, expert opinions, guidelines, 
rules of thumb and descriptive information are forms of knowledge that are used to 
make these knowledge bases. These prototype knowledge bases are designed to 
identity the various causes and problems related to cracking (CRACON), surface 
distresses (SURCON), and other miscellaneous forms of distress (MISCON) that 
occur in concrete structures. 
6.4.3 Evaluation of Concrete 
Condition assessment of concrete structures is apparently far more difficult than the 
analysis of design (Cabrera J. G. at al, 1995). Though the structure physically exists 
and the data for testing and examination of the concrete are available, evaluation 
involves uncertainties owing to the difference between reality and design concepts, 
heterogeneous concrete material and the complexity of distress mechanisms. 
Therefore, a thorough and logical evaluation of the current state of the concrete in a 
structure is the first step of a repair or rehabilitation work. A visual inspection of the 
exposed concrete is the first step in an in-situ examination of a structure. One 
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objective of an evaluation management system (EMS) is to create assessment 
procedures that will allow the current condition of the structure and its components to 
be expressed numerically so as to take the best course of action in the repair and 
maintenance management. 
For this purpose, a quantitative rating system for the condition of concrete in a 
structure would make possible the determination of which components within a 
structure most merit repair. 'The confidence level (CL) prescribed in this program 
applies to concrete structures in general. The rating system described allows the 
confidence level to be determined by visual inspection using limited equipment such 
as binoculars, covermeter and ruler. The rating is related to structural integrity and 
serviceability of the structure. 
6.5 DEMAREC Inference Procedure 
The DEMAREC inference procedure is divided into two parts. The main 
implementation part includes input and reporting system, expert system development 
environment, database management system and the evaluation management system. 
The second part is the user-interface. DEMAREC is a flexible application which can 
be used in four modes: evolution mode, diagnostic mode, evaluation mode and 
education mode. 
6.5.1 Implementation 
Input and Report Systent 
The input comprises a full description of the user requirements such as structure and 
component types, structural design and construction types and visual inspection data 
such as distress and symptom categories. In this part the help option in each section 
provides assistance for users in the form of pictures, text and/or combination thereof. 
The reporting system surnmarises the consultation result in the form of a visual edit 
screen. These results comprise the conclusion from the expert system including causes 
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and effects of distress, repair materials required, methods and recommendation from 
the database and conclusions from the, evaluation process. 
Expert System Development Environment 
All consultation modules are configured by MA which is a commercially available 
Expert System Development Shell (discussed in Section 3.10). It can be run under the 
Windows or DOS environment. The shell is integrated into the Visual Basic Graphic 
User environment through the Visual Basic Controls. In this control there exist 
procedures which are called by the MA Kernel when the Kernel requires data from 
the Visual Basic application or needs to send data to the application. These procedures 
control the initialising and termination of an MA expert system consultation. The 
DEMAREC-EXPERT consultation module includes three knowledge bases: 
CRACON cracking in concrete, SURCON surface distresses and MISCON 
miscellaneous distresses. 
Database Management Systent 
The REPair of CONcrete (REPCON) database is developed using Microsoft Access 
which is a relational database management system running within Microsoft 
Windows. The structure of REPCON database comprises thirteen tables which deal 
with the following themes: 
> Structural Types 
> Structural Components 
> Construction Types 
> Structural Design Types 
> Concrete Distresses 
> Symptom Categories 
> Investigation and Diagnosis 
> Compatibility of Repair Materials 
> Concrete Removal for Repair 
Repair Methods 
Repair Materials 
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Repair Material Suppliers 
> Durability and Maintenance Recommendation 
This user-friendly software is developed to run on a personal computer and a user- 
interface is provided in the form of visual edit screens which embody the Visual Basic 
programming language. Microsoft Access database was linked to Visual Basic 
through the data control in cases where the data did not require any subsequent 
manipulation. Some databases were linked to the application through the Structured 
Query Language (SQL) code in cases where there was need to manipulate the data. 
The database can be accessed by the user independently of the expert system. 
Evaluation Alanag, ement System 
The evaluation of concrete (ECON) is implemented in the form of visual edit screens 
which embody the Visual Basic programming language. The criteria for the 
evaluation of a concrete structure consist of cracking, disintegration and scaling, and 
spalling and delamination. The assessment procedures of concrete structures that 
enable the user to consider the current condition of the structure and its components 
are the main objective of an evaluation management system (EMS). These procedures 
are expressed numerically using a confidence level (CL) to take the best 
recommended action in the repair and maintenance management. 
6.5.2 The User-Interface 
The user-interface is an important component of the computer software responsible 
for the interaction with the user and is fundamental to the effectiveness of the program 
in fulfilling its primary objectives. In view of this, the user-interface is designed to 
make the program flexible, easy to learn and use and it contributes to the success of 
the program when carefully designed. 
Traditionally, the development of computer software for civil and structural 
engineering applications addressed by software developers has focused far more on 
the functional aspects of these systems than on user-interface design issues. With 
increasing complexity of engineering problems, the design of the user-interface has 
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become a major problem in software engineering. For example, knowledge-based 
expert systems share with other applications the problems associated with an 
inadequate user-interface. The user-interface should be user-friendly and natural in its 
dialogue with the user and should be matched with the experience and needs of the 
user. It also supports the explanation facility which provides for concise and helpful 
responses to users' queries and allows the user to interact with the system to seek 
explanations. 
DEAIAREC User-Interface 
The DEMAREC user-interface shown in Figure 6.2 is developed in Microsoft Visual 
Basic. The user-interface is not designed as a separate component of the program but 
it is essentially a menu driven system. Rather, the uSer-interface is a domain visual 
edit screen and consists of the various interface operations defined with the domain 
objects. One of the attractive features of Visual Basic is its access to the Microsoft 
Access Database Engine through Structured Query Language (SQL) (see Section 
4.6.4) and data control and its access to the M. 4 Visual Basic User through data 
control and its communication features. It consists of graphical forms and controls 
through which the user wants to perform with an object. The main interface comprises 
three various interfaces such as REPCON, DEMAREC-EXPERT, and ECON 
interfaces. 
Chapters 7,8 and 9 are devoted to a detailed presentation of the DEMAREC 
components. 
The REPCON user-interface is provided with all objects in repair of concrete 
database. It is used to present the user with viewing the original database, to introduce 
the self-assessment process, to add to the database and to search in the database. The 
REPCON user-interface is shown in Figure 6.3. 
Chapter 6- Overview of DEMAREC 119 
The DEMAREC-EXPERT user-interface is an interface which allows the user to 
apply an expert system to a specific problem. It is used to present the user for 
selecting one of the three knowledge bases namely CRACON (cracking in concrete), 
SURCON (surface distresses) and MISCON (miscellaneous distresses). This user- 
interface is shown in Figure 6.4. 
The Evaluation of the CONcrete (ECON) user-interface shown in Figure 6.5 is 
structured with three different objects such as cracking, scaling and disintegration and 
spalling and delarnination. It is used to allow the user to create assessment procedures 
for the current condition of the structure and its components. 
-- 
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Please select the type of distress you wish to consider : 
Cracking in Concrete (CRACON) 
Surface bistresses (SVPZOto Kl,.. Iedg, - Uuýý. 
Miscellaneous bistresses (MISCON) 
Ei 
Figure 6.4 -"I-Iic DENIAREC-EXPERT Liser-interface. t5 
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6.6 Summarv 
In this Chapter, the DEMAREC application has been reviewed from a configuration 
point of view. Many aspects relating to the application were covered comprising 
systern description, inference procedures, and user-interface. 
The development of the system consists of three modules which deal with the repair 
of concrete database, solving concrete repair problems with expert system and 
assessment of uncertainty problerns in the evaluation of a concrete structure. 
The DEMAREC inference procedure is divided into the main implementation part and 
the Liser-interface part. The main implementation part is characterised by an input and 
reporting system in the forrn of a visual edit screen, development an expert system 
using MA as a shell, creating a database using Microsoft Access and the evaluation of 
uncertainty problems in concrete structures which embody Visual Basic 
programming. 
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It can be seen from the foregoing that several important factors need to be considered 
in the design of user-interfaces in structural engineering applications. Flexibility, ease 
of system usage and learnability and the effectiveness of the programs are factors 
which influence the quality of the user-interface. Advantage should be taken of recent 
developments in the use of multimedia techniques to improve the quality of user- 
interface. The DEMAREC application is implemented in Microsoft Visual Basic and 
is manipulated using multimedia techniques for developing the user-interface. 
'eh aldl e, /v 
0 RIEPair of CONcrete (REPCON) Database 
Structure 
7.1 Introduction 
Designing and constructing concrete structures of enhanced durability, thereby 
reducing maintenance and repair costs, has been a focus for research and 
development. Lack of concrete durability is common worldwide and it is causing a 
huge capital loss by reducing the design life of structures (Miyamoto et al, 1999; 
Evbuomwan et al, 1994). In many developed countries, emphasis has been given to 
the maintenance and repair of existing concrete buildings as well as on the concept of 
designing and constructing with a view to durability. The choice of an appropriate 
repair material and method requires a systematic observation of the symptoms and 
their probable cause together with a source of available information relating to 
durability. 
DEMAREC uses a database called REPCON, which deals with the diagnosis, 
evaluation, maintenance and repair of concrete structures. The need for a database in 
the repair and maintenance of concrete structures is highlighted in Chapter 2 and 4. 
The purpose of the REPair of CONcrete (REPCON) database developed in this 
research is to guide civil engineers, owners and contractors in the correct diagnosis of 
the causes of the impairment and in the choice of effective and durable repair 
materials and techniques. 
This Chapter begins with a presentation of the structure of the database, followed by a 
description of the contents of the database, the methods developed in this research for 
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handling pictures in the database and finally explains how an initial database can be 
enhanced by the inclusion of additional information provided by experts in the field. It 
is shown how the REPCON management system is designed to be an effective 
support tool for experts whose data can be evaluated and tested to ensure that the 
evolving database retains its integrity. By providing a quantitative and consistent 
means for the assessment of both new data and the person contributing the 
knowledge, it is also shown how the REPCON could accelerate the turnover of 
knowledge. 
7.2 Repair of Concrete and Database 
Over the last decade, there has been considerable interest in the durability and 
maintenance of concrete structures thereby reducing maintenance and repair costs. 
Inappropriate design and construction methods often cause concrete structures to be 
affected by lack of durability, integrity and serviceability. Durability is technically 
and economically one of the main factors in selecting construction materials, so as to 
avoid damaging factors such as corrosion, Alkali-Aggregate Reactivity (AAR) and 
freezing and thawing (ASTM, 1980). 
During the last few years, the repair of deteriorated concrete structures has become a 
matter of concern for civil engineers and contractors so that an increasing proportion 
of the funds being spent on construction, especially concrete bridges, is used for the 
repair of damaged concrete structures. In addition, a significant number of companies 
are involved in the development and supply of repair products, in damage appraisal in 
product selection and in the execution of repair and maintenance techniques. Many 
companies promote themselves as experts in the field of concrete repairs. It is not 
uncommon in view of the above for a client to appoint an inexperienced or 
incompetent repair contractor, or to become the victim of an inappropriate repair 
technique. 
A consideration of the foregoing issues led to the development of a diagnosis, 
maintenance and repair advisory management system for reinforced concrete 
structures. Modem engineering technology provides procedures for perforrning 
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condition surveys, consistent and quantitative condition assessment and database 
management. Database Management Systems (DBMS) organise and structure data so 
that it can be retrieved and manipulated by users and application programs. The initial 
reason for the development of a database was to marshal all available data in a 
common format so that the user can perform a variety of operations rapidly. 
Therefore, the development of a comprehensive Database Management System 
(DBMS) is essential not only for the diagnosis and evaluation of concrete distress but 
also as a maintenance and repair source of knowledge which takes into account the 
choice of effective and durable repair materials and techniques. 
The REPair of CONcrete (REPCON) database includes information which is provided 
as information gathering and data to arrive at a realistic and proper diagnosis of the 
cause(s) of distress. REPCON provides advice on materials selection and adequate 
repair techniques along with recommendations to ensure enhanced durability. It is 
envisaged that this system when eventually developed will inter-alia provide a factual, 
logical, economic and e? cpert recommendation to intending concrete repair clients, 
while also acting as a useful first hand guide to concrete repair specialist, contractors 
and consultants. 
7.3 The Database Structure 
REPCON is developed using a database management system (DBMS), Microsoft 
Access 2.0 which is a relational database (see Section 4.6.4) management system 
running within Microsoft Windows. This user-friendly software is developed to run 
on a personal computer and a user interface (Figure 6.3) is provided in the form of 
visual edit screens which allow the user to use the Visual Basic programming 
language. The system has been developed for PC computers and is maintained on a 
host computer that can be accessed via the Internet, thus making it easily available to 
intended users. 
The REPCON database contains two types of information. The first type of data 
comprises the original database which reflects knowledge in the year 2000 and which 
features pictures and diagrains to assist users in selecting structural types and 
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construction techniques in diagnosing the causes of concrete distress and to improve 
their knowledge of the subject. The second type of data is that which has been 
contributed by skilled users. This contributed data has been assessed by the REPCON 
Database Management System and a confidence value has been assigned to it. The 
architecture of the REPCON Database is shown in Figure 7.1. The key elements of 
the database and its potential benefits are now discussed. 
All communications with the database is controlled by the user application or Graphic 
User Interface (GUI). The knowledge-based expert system manipulates the data from 
the database through the Visual Basic display controls, events and procedures. This 
has two advantages, firstly the user has control over the communication between the 
expert system and the database and secondly the user can interact with the database 
independently of the expert system. The explanation facility helps the users to learn 
about the software as well as learning about concrete distresses and repair. The help 
facility provides step-by-step instructions to help and guide the user in the use of the 
database. Bibliographic references are also included in each of the REPCON tables. 
Push buttons contained in the help facility of each table provide access to a 
bibliography for the data which will assist users in further investigation and analysis. 
7.4 REPCON Management System 
The REPCON management system is the interface between the user and the physical 
database. All user requests for access to the database are handled by the REPCON 
management system. Viewing and adding, retrieving data from and updating data in 
the database are accomplished by the database management system so ensuring that 
the evolving database retains its integrity. 
The primary objective of the REPCON management system is to allow a user to 
contribute experience and knowledge to the database thereby evolving the database. 
The modular REPCON management system allows the user to review existing 
documents and to contribute new knowledge. The user can diagnose the causes and 
effects of impairment through the DEMAREC-EXPERT program, can evaluate the 
current condition of concrete by the ECON program and can select repair materials 
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and methods along with durability recommendations. Figure 7.2 shows tile 
relationships betv,, een these features. 
7.5 Review of Existin-g, Documents and Preliminary Inspection 
A user session begins with a review of existing documents and ail inspection of the 
user's structure according to the procedure described in the database. The visual 
inspection usually involves an overall survey of the structure, which may Include 
location and extent of concrete cracking, spalling, scaling and disintegration. Firstly, 
this inspection information is entered into a computer program called ECON to 
determine a condition Confidence Level (CL) for the evaluation of the current state of' 
the structure. Secondly, it is used to identify the cause and effect of distress which has 
been diagnosed by the Knowledge-Based Expert System computer program called 
DEMAREC-EXPERT. Therefore, the REPCON Management System allows the user 
I- I gu Iu/. -, - ý-j IN Ua Lauaý, i: III dlldgUl II Ul It ny,, LU III LUl IIIý; Ll I it I 10 11. 
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to take engineering and management decisions and undertakes a comprehensive 
investigation and condition survey including in-situ and laboratory tests. 
7.6 The Original REPCON Database 
Inappropriate design and construction methods often cause concrete structures to be 
affected by lack of durability, integrity and serviceability. These conditions are 
classified into three main categories: - Defect, Damage and Deterioration (see Chapter 
2). The original REPCON data exists in thirteen tables shown in Figure 7.3 which 
deal with these conditions according to one of the following themes: 
> Structural Types 
> Structural Components 
> Construction Types 
> Structural Design Types 
> Concrete Distresses 
> Symptom Categories 
> Investigation and Diagnosis 
> Compatibility of Repair Materials 
> Concrete Removal for Repair 
> Repair Materials 
> Repair Methods 
> Repair Material Suppliers 
> Maintenance and Durability Recommendations 
Most of the REPCON data comes from documented material. However it was often 
difficult to use information which was unclear and contradictory. The use of multiple 
sources was considered in developing REPCON in order to ensure the validity of the 
data stored. Therefore, the data has been obtained from codes of practice, manuals, 
textbooks, technical reports, journals and conference proceedings, the internet, civil 
work reports and experienced concrete specialists (see Chapter 2). 
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7.6.1 Structural and Construction Data 
In this database, there are tables which describe the structure types, structural 
components, structural design types and construction types. The history of' the I 
structural type and design, its current use and its originally intended Usc need to be C 
considered since changes in use may have resulted in changes in loading. A 
knowledge of the conditions experienced during construction can be included in tile I 
investigation, particularly where defects are seen during the construction period or 
early in the life of a structure. This infon-nation shown in Table 7.1 may have a 
gnificant affected on the repair and maintenance of concrete. 
The database si a 
comprises pictures Such as the one shown in Figure 7.4, representing, various 
structural types and construction methods. 
7.6.2 Concrete Distresses Data 
Many factors may contribute to or cause the impain-fient of concrete structures. These 
are described in detail in the concrete distresses' table shown in Table 7.2. 
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Table 7.1 - REPCON Database - Structure and Construction. 
Structure Type Reinforced concrete Building (Public, Residential, Commercial, -IIi, t )I 
Industrial), Bridge, Power Plant, Airfield and I lighway Pavement, Concrete 
(Canal, Retaining or Bulkhead), Grain Silo and Material I landling Facilities, I 
and Barrier, Underground Structure and Tunnel, Car Pai-k, Smeltery and Iýefil 
Cooling Tower, Hydraulic Structure (Tank and Reservior, Wastewater Ti-eati 
Plant), Marine Structure (Wharf, Offshore Concrete Platform, Jetty, Subtric 
Reinforced Concrete). 
-ý-t-ructural Beam, Column, Slab, Connection, Wall, Foundation, Joint Related, --Iýeck 
Components Surface, Abutment, Pedestal, Pier, Pile, Segment. 
Structural Conventionally Reinforced Concrete, Piesti-c 
Design Types Concrete, Mass Concrete, Combination System. 
Construction Cost-ln-Situ, Precast, Unreinforced Concrete, Combination System 
Types 
Description The function of the structure, location and usage 'amongst other Factors, the d( 
type and nature of construction; and the level of' distress of structural elc 
markedly affected in the repair and maintenance of concrete. 
*pe Plciuri? s 
cal, 
wa I 
cl-N" 
lent 
-ge(l 
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; ioned Concrete 
F I'rvstfv!;!; Ud C( ( le h! 
Cwnbirmnon Systems 
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structures. 
It is important to distinguish between defects, damage and deterioration. Defects are 
usually impairments of a structure which may be compounded by inadequate training 
and supervision of site operations or workmanship problems. Damage is impairment 
of a structure caused by external mechanical factors while a structure is in service. 
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Deterioration can be caused by a combination of factors that lead to long-term 
durability problems. These three conditions often affect concrete integrity, 
serviceability and durability. 
Table 7.2 - REPCON Database - Concrete Distresses. 
Concrete Unsuitable Construction Method - Unsuitable scaffolding and shoring, High 
Defect slamp, Incompleted curing, Misplaced reinforcement, Unsuitable scoure prevention, 
Handling and Placing Concrete (Segregation, Careless placing procedures, 
Inadequate and over vibration) 
Improper Workmanship - Faulty design (Improper size of riprap, inaccurate 
estimation of flood level and its velocity, Assumptions, Analysis, Calculations, 
Detailing), Incorrect Concrete mixture (Low cement content, High water content, 
Incorrect admixture, Dosage, Batching error). 
Unsuitable Materials - Reinforcement (Wrong kind, Incorrect size), Aggregate 
(Unsound, Reactive, Contaminated), Cement (Wrong type, Manufacturing error, 
Contaminated, High Alumina Cement), Admixture (Wrong kind, Substandard, 
Contaminated), Water (Organic contaminant, Chemical contaminant, chemical 
contaminant, Dirty) 
Concrete Flood, Earthquake, Fire, Explosion, Impact, Drying and Plastic Shrinkage, Plastic 
Damage settlement, Over load (Tensile, Shear, Flexural and Abnormal deflection cracking), 
punchout, Creep, Temperature changes, Ground movement, Foundation movement, 
Thermal incompatibility, Wear and Erosion (Abrasion and Chemical erosion in floor 
and pavement), Wear and Erosion (Cavitation, Abrasion and Chemical erosion in 
hydraulic structures). 
Concrete Chemical - Sulphate Attack, Chloride Attack (Ingress), De-icing Salts, High 
Deterioration Chloride level of additives, Soft Water Attack, Sea Water Attack, Brine (cl-) Attack, 
Acid Attack. 
Physical - Insufficient Cover, Scouring, Aggregate D-cracking, Joint Deterioration, 
Frost attack, Differential thermal Strains, Incompleted Curing. 
Physical/Chemical - Freezing-Thawing, Corrosion of Reinforcement, Alkali-Silica 
Reaction (ASR), Alkali-Carbonate Reaction (ACR), Alkali-Aggregate Reactivity 
(AAR). 
Description Conditions, which affect concrete integrity or serviceaýllliý and7an occur at any 
time in a structure's service life can be broadly classified into: Defect, Damage and 
Deterioration. 
7.6.3 Symptom Categories Data 
Any thorough preliminary investigation starts with a visual inspection which will 
usually involve an overall survey of the structure noting the occurrence and location 
of the principal signs of impairment or distress. The visual survey is required in order 
to effect a repair or rehabilitation after a distress has occurred or to assess whether 
immediate action is needed. It is important that the observed conditions be described 
in unmnbiguous tenns so that conclusions will be based on the best observations and 
information available. Key indicators of problems may include features such as 
cracking in concrete, surface distresses and miscellaneous distresses such as those 
shown in detail in Table 7.3. 
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Table 7.3 - REPCON Database - Symptom Categories. 
Cracking in Longitudinal and generally Straight, Diagonal, Transverse, Pattern or Map, Random 
Concrete and Multiple (Irregularly distributed over the surface), Crazing, Cracks at Joint, Fdge 
and Opening. 
Surface Spalling, Popouts, Scaling, Disintegration and Removal of Materials, Pothole, 
Distresses Honeycomb, Discoloration and Efflorescence, Joint Related Spalling or Faulting, 
Dusting, Polishing of Aggregate, Wear and Erosion. 
Miscellaneous Structural Related Distresses, Stratification, Segregation and BIj, 7(-hilg, ('oll-ap-scJ1 
Distresses Member, Punchout, Rust Staining, Scouring, Dampness and Leakage, I IACC (I I igh 
Alumina Cement Concrete), Pitting. 
Description When the condition of a structure indicates that major repair or LiaNhitation is 
probably necessary, a comprehensive evaluation of tile structure should be requiled. 
Therefore, a visual inspection of the exposed concrete is the first step in in on-site 
investigation with the purpose of definition areas ot'distress. It is important that the 
conditions observed be described in unambiguous terms that call later be understood 
by others who have not inspected the concrete. These terms that are typically used 
during a site investigation, categorised into Cracking in Concrete, Surlace Distiesses 
and Miscellaneous Distresses. 
- 
One of the main problems in the diagnosis of damaged concrete is the inconsistency 
of the terminology in describing distress. In this research pictures 11-C LISC(I tO I)I-CSCllt 
modes of distress in order to overcome this problem. The user can simply compare his 
symptom of distress in his concrete against the pictures in the database to identify 
them. An example of a failure resulting from cracking in concrete is shown in FIgUI-C 
7.5. 
ISymptom Type : 
IDistress Category 
I Description : 
Y, ul --.. ýh.. h h.. b... .. I.. týd b. 1- 
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Identifying distresses and determining their causes are important parts of any concrete 
assessment program. The data available in Tables 7.2 and 7.3 is also included in the 
DENUREC-EXPERT program (discussed in Chapter 8). The system assists in the 
diagnosis by first identifying the distress such as cracking in concrete. Then it 
attempts to draw a conclusion about the cause of the distress and in the selection of a 
durable replacement material or the proper rehabilitation method. In some cases, the 
expert system cannot make a determination of the cause of the distress and then 
recommends appropriate tests which are based upon the available data in Table 7.4. 
7.6.4 Investization and Dia2nosis Data 
The data shown in Table 7.4 presents information on how to conduct an evaluation of 
concrete in a concrete structure. This database is targeted at inexperienced users to 
enhance their understanding of the various items of test equipment and their use. 
Furthermore, in cases where the availability of the investigation equipment is a 
limiting factor, this database can be of assistance in evolving a procedure that is 
appropriate for the available equipment. 
Tqhle 7-4 - REPCON Database - Investi2ation and Diagnosis. 
Review of Specification, Soil Report, Weather Report, Construction and Inspection Report, 
Documents Laboratory Analysis of Material and Concrete Samples, Drawing (Preliminary and As- 
built), Interviews with Engineers, Architect, Contractor, material Suppliers, Ready-Mix 
Supplier, Workmanship and Client. 
Visual Cracks, Discoloration, scaling Expansion, soft Surface, Delamination, Spalling, 
Inspection Leaching and Staining, Making Photographs, Typical Concrete specimens for Detailed 
Study. 
In-Situ Schmidt Hammer Test, Pulse Velocity Test, carbonation Depth, Covermeter Test, 
Tests (NDT) Drilling in Depth for Chloride and Sulphate Ions, Taking of Core Samples for 
Laboratory Analysis, Half-Cell Potential Test, Concrete Resistivity, Crack Microscopic 
Exan-driation, Pull-Out Test, Pull-Off and Tension Test, Strain Gauge for Crack 
Movement, In-situ Water Permeability, Moisture Measurement and Density. 
Laboratory Compressive and Tensile Tests, Resonant Frequency, Density, Permeability (ISAT) 
Tests Test, Cement Content, Capillary Porosity, Petrographic Examination, PH Content and 
Carbonation Depth, Chloride and Sulphate Content. 
Description A comprehensive and logical evaluation of the current condition of the concrete in a 
structure is the first step of any repair or rehabilitation work. This evaluation of the 
structure should be conducted to determine the scope of the work required. Such an 
evaluation could include the following: a review of the available design and 
construction documentation; a visual inspection of condition of the concrete; in-situ 
non-destructive tests; and laboratory tests of the concrete specimens. 
A thorough review of all documents relating to a structure and the current condition of 
the concrete should be carried out. It is crucial to consider how design, construction, 
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operation and maintenance have interacted over tile years since the structure was 
designed and constructed. Visual inspection of a structure for tile pill-pose of' 
identifying and defining areas of distress plays a significant part in tile early stages of' 
the investigation and diagnosis process. The information derived fi-orn this part ofthe 
data is used in the evaluation of concrete (ECON) program (discussed ill Chapter 9) as 
well as an understanding of the distress process which will enable an appropriate 
repair strategy to be selected. 
The aim of any testing,, program should be to fill in the gaps in tile inflormatioll oil tile 
structure for a condition assessment and to assess its future performance. 'I'licsc may 
be in-situ tests comprising destructive or non-destructivc tests (NDT) 111d/or 
laboratory tests carried out on retrieved samples. The principal techniques and tests 
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Figure 7.6 - Non-destructive testing (NDT) data screen. 
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7.6.5 Compatibility of Repair Materials Data 
To balance the properties of repair materials with those of the original concrete for 
achieving durable repairs it is necessary to consider the factors affecting the selection 
of repair systems comprising materials and methods as part of a composite system. 
The critical factors that considerably govern the durability of concrete repair in 
practice are shown in Table 7.5. This information is useful for the education of the 
user. 
Table 7.5 - REPCON Database - Comi3atibility of Re-Dair Materials. 
Physical Compatibility Compressive, Tensile, Flexural and Shear Bond Strengths, 
Dimensional Compatibility Drying Shrinkage, thermal Expansion, Creep and Fatigue, Modules 
of Elasticity, Geometry of Section (Size, Shape and Thickness of 
the Repaired Areas). 
Chemical Compatibility Alkali Content, C3A Content, Chloride Content. 
Durability Compatibility Permeability, Concrete-Repair Bond, Humidity in Concrete. 
Electrochemical Compatibility Corrosion. 
Description To achieve durable repairs it is necessary to consider the factors 
affecting the design and selection of repair systems as parts of a 
composite system. These factors must be considered in the design 
process so that a repair material compatible with the existing 
concrete substrate can be selected. Compatibility is defined as the 
balance of physical, chemical, and electrochemical properties and 
dimensions between the repair material and the concrete substrate. 
7.6.6 Concrete Removal for Repair Data 
Usually any repair or rehabilitation project will require removal of the distressed 
concrete except for situations where the distressed concrete does not threaten the 
integrity of the structure. Selection of a proper removal method may have a significant 
affect on the structure's reduction in service, safety, economy and on the concrete 
remaining in situ. The techniques shown in Table 7.6 are available to perform various 
aspects of concrete removal and preparation for repair. 
7.6.7 Repair Materials Data 
Many factors have to be taken into account when choosing an appropriate repair 
material. These factors depend on the cause and extent of the existing distress, 
constructibility, service issues and owner and engineering requirements. A variety of 
repair materials have been formulated to provide a wide range of properties. These 
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can be concluded under five headings shown in Table 7.7. Final selection of materials 
that meet all necessary properties established by project conditions and requirements 
is based on the optimum balance of performance, risk and cost factors. 
Table 7.6 - REPCON Database - Concrete Removal for repair. 
Blasting Explosive Blasting 
Crushing Mechanical crushing including Boom-Mounted and Portable 
Cutting Abrasive-Water-Jet Cutting, Diamond-Blade Cutting, Diamond-Wire Cutting, Stitch 
Drilling, Thermal Cutting 
Impacting Mechanical impacting comprising Hand-Held, Boom-Mounted, Spring-Action 
Milling Hydromilling, Rotary Head Milling 
. Presplitting Chemical-Expansive Agents, Piston-Jack Splitter, Plug-and-Feather Splitter 
Description Most repair project involves removal of deteriorated, contan-driated or damaged 
concrete to provide surfaces that will promote bonding of the repair materials. The 
surface preparation process is one of the most crucial phases of site work. Many 
techniques are available to perform various aspects of concrete removal and cleaning. 
These techniques may be categorised by the way, which the process acts on the 
concrete. 
Table 7.7 - REPCON Database - Re-pair Materials. 
Polymer Acrylic Latex, Epoxy Latex, Polyvinyl Acetate, Styrene-Butadiene Rubber (SBR), 
Emulsions Co-Polymer Latex, Natural Rubber, Styrene-Acrylic, Vinyl Acetate Ethylene (VAE), 
Polymthhnethacrylate (PMMA), Magnesium Phosphate Modified, Polyvinyl 
Chloride. 
Resins Acrylic, Polyurethane, polyester, Epoxy, Low Viscosity Polyester, Low Viscosity' 
Epoxy, Methlrnethacrylate (MMA), Polyester-Styrene Co-Polymer, Chlorinated 
Rubber, Bituminous Materials, Unsaturated Polyester, Silicones, High Molecular 
Weight Methacrylate (HMWM). 
Prepacked Ordinary Portland Cement (OPC), High Alumina Cement (HAC), Magnesium: 
Cementitious Phosphate Cement (MPC), Expensive Portland Cement (Types K, M, S), Regulated- 
Set Portland Cement, Special Blended Cement Gypsum Cement Prepacked Patching 
Materials, Cement Grout. 
Pozzolanic Pulverised Fly Ash (PFA), Blast-Furnace Slag-Cement, Microsilica (Condense Silica 
Materials Fume), Trass, and Diatomite. 
Fiber Steel, Plastic and Glass Fibers. 
Materials 
Description Most repair projects will have unique conditions and special requirements that must 
be thoroughly examined before the final repair material criteria can be established. A 
variety of repair materials have been formulated to provide a wide range of properties. 
These materials are widely classified to polymer emulsions, resins, prepacked 
cementitious, pozzolanic materials, and fiber materials. The adequate selection of 
repair material will depend on the nature of distress, the performance of repair, and 
the utilisation of the structure. But selecting the correct material for a specific 
application requires careful study. 
7.6.8 Repair Material Suppliers Data 
One of the main purposes of the REPCON database is to provide storage of material 
specifications along with manufactures' general information and application 
information for repair materials in the UK. These commercial repair products 
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comprise 210 products from 8 companies. For end-user products, the main substance 
category identifies the basic type of material of which the product in composed. The 
product users identify the type of use(s) for which the product is applicable. This table 
has been constructed by product name, product uses, manufactures' address and main 
substance. Product information provided by the manufactures is published for listing 
purposes only. 
7.6.9 Repair Methods Data 
Once the distress has been identified, several repair materials and alternative methods 
can be reviewed. Information relating several different methods for repair or 
rehabilitation of concrete structures has been gathered and stored in the database. 
These alternatives shown in Table 7.8 are called upon in the knowledge-based expert 
system section of the application. Selection of repair methods can be affected by the 
nature of impairment, consideration of durability, constructibility and compatibility 
with the existing structure, environment, availability of materials, cost and whether 
the repair is a temporary restoration or permanent. 
Table 7.8 - REPCON Database - Remir Methods. 
Miscellaneous Systems Sprayed Concrete; Gunite or Shotcrete, Drilling and Plugging, Cathodic 
for Replacement, Protection, Desalination and Realkalization, Stitching, Reinforcement 
Repair, Strengthening Replacement, Jacketing, Bonded Steel Plates, Post-tensioning, Infilling 
and Protection Methods and Bracing, and Slabjacking. 
_ Cementitious/Polymeric Preplaced Aggregate Concrete, Overlay, Grouting, Dry Packing, 
Systems - for Patch/Hand Laid and Concrete Replacement (Fiber Reinforced Concrete 
Replacement, Repair, (FRC), High Strength Concrete (HSC), Precast Concrete, Conventional 
Strengthening and Concrete, Polymer Concrete (PC), Polymer Portland Cement Concrete 
Protection Methods (PPCC), Polymer Impregnated Concrete (PIC), Roller-Compacted 
Concrete (RCC), Shrinkage-Compensating Concrete, Silica Fume 
Concrete). 
Polymeric Systems for Resin Injection, Resin Bonded External Reinforcement, Routing and 
Repair, Strengthening Sealing, Flexible Sealing, Autogenous Healing, Protective Coating and 
and Protection Methods Rendering, Blanketing, Vacuum Impregnation, Hydrophobation and 
Gravity Soak. 
Description Selection of repair methods and systems depends on the nature of distress, 
compatibility of the proposed method, environment, availability of 
materials, cost and whether the repair is a temporary or permanent. 
However, the primary procedures are classified into replacement, repair, 
strengthening and protection, but they may not be used directly in project 
specifications because each repair project may require unique remedial 
action. 
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7.6.10 Maintenance and Durability Recommendations Data 
Structural and functional problems may detract from the durability, integrity and 
serviceability of a structure. Information shown in Table 7.9 regarding maintenance 
and durability of concrete structures has been stored in the database. Most of the 
information is taken directly from codes of practice such as the American Concrete 
Institute (ACI, 1996) and the British Standard Institution (BSI, 1997) publications and 
from technical reports published by concrete associations. This data does not interact 
with other database sections in anyway. It is strictly for information to inform the user 
who may be conducting research on developing his preliminary strategies. 
Table 7.9 - REPCON Database - Maintenance and Durability Recommendations. 
Physical Accidental Loading (Impact, Earthquake), construction Error, Design Error 
(Inadequate Structural design, Poor Design Details), Fire, Temperature 
Changes, Frost Attack, Settlement and Movement, Shrinkage (Plastic, Drying), 
Wear and Erosion (Abrasion, Cavitation). 
Chemical Sulphate Attack, Chloride Attack, Acid Attack, Aggressive Water Attack, Wear 
and Erosion (Chemical). 
Physical/Chemical Freeze-Thaw Action, Corrosion of Reinforcement, Alkali-Silica Reaction 
(ASR), Alkali-Carbonation Reaction (ACR), Alkali-Aggregate Reactivity 
(AAR). 
Alaterial Cementitious Materials (Portland Cement, Blended Cement, Pozzolanic 
Recommendation materials), Aggregate, Mix Water, admixture, Polymer Materials. 
Description Preventing concrete impairment is much easier and more economical than 
repairing distressed concrete. Preventing concrete impairment should actually 
begin with the selection of proper materials, mixture proportions and placement 
and curing procedures. If additional protection against impairment is required, 
the need should be recognised and provided for during design of the structure. 
Thus, there is generally a need for follow-up maintenance action. The primary 
types of maintenance for concrete include timely repair of cracks and spalls, 
cleaning of concrete to remove unsightly material, surface protection, and joint 
restoration. 
7.7 Manipulating Pictures in Database 
Pictures are used as visual aids in the selection of parameters in the diagnosis, 
evaluation, maintenance and repair of concrete structures. Each set of pictures 
represents available options in structural and construction systems, concrete 
distresses, symptom categories, investigation and diagnosis, compatibility, repair 
methods, and maintenance and durability recommendations. 
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Loading a picture into the database at design time resulted in an object of OLE (see 
Section 6.2) data type being stored in the database. These OLE objects could be 
loaded into the Visual Basic Graphic User Interface (GUI) through the data control. 
Whereas, the ability to add pictures at run time was a major requirement in this 
application, loading a picture resulted in a long binary data format of the picture being 
stored in the database. 
There are two methods used for loading pictures at run time, one a crude method and 
the other a more refined one. In the crude method, a picture is loaded into a picture 
box which is linked through a data control to an OLE field in the database. As the data 
control moves its focus to the next record in the field, the current field is updated 
automatically and in doing so the current picture in the picture control is loaded into 
the picture box. 
In the more refined method, the picture is loaded into the Visual Basic picture control 
from the source application then saved into the database using the standard Visual 
Basic "Appendchunk' procedure. In this procedure the file is appended into the 
database field in chunks of 64kb. Therefore, the solution was to store all the pictures 
in their long binary form instead of OLE data type so that all pictures in the picture 
databases could be loaded at runtime. 
7.8 Add New Knowledgre to-the Database 
The REPCON management system allows an experienced user to contribute 
experience and knowledge to the database. The heart of this system is the concept of 
confidence level (CL) which deals with users' skill level and with the integrating of 
the data being contributed by them. By providing a quantitative and consistent means 
for evaluating both new data and the person contributing it, the confidence level (CL) 
allows new knowledge and experience to be gathered and monitored over time. 
To contribute new data to the system, a self-assessment process has been included in 
order to assess the competence of the user. By allowing new data to be added, the 
system evolves in line with the state of the art of concrete repair. Indeed, the existence 
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of the database will become a catalyst to the developnient of knowledge and 
experience in the field of concrete repair. This is one of the main ainis in tile 
development of the system. 
For instance, to add new data to the Damage Section, select the Diso-css Catcgol-ics, 
Damage option in the main database screen. The damage category screen appears and 
the system allows the data to be added and also to select any part of tile (lata to be 
viewed. To add new data, click on the Add to Database buttoii. After editHig the new 
data, click on the Save button and a confin-nation box is displayed comprising tile 
information about the user, his skill level and a breakdowri of previous added data 
(Figure 7.7). The system also allows a second expert user to be able to SI[I)SCLIIICIIIIY 
relegate data to a secondary storage site by using the Delete buttoii if-, for example, it 
xvas SLIperseded. 
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If the user wants to contribute his/her experience and knowledge and add flicill to the 
database, he/she has to take a short test by clicking on Self-Assessmew process m the 
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main database screen in order for his/her competence to be assessed. The process 
comprises five questions which are randomly chosen from over 20 questions, relating 
to distresses in concrete such as: 
> Sulphate attack 
> Alkali-Silica Reaction (ASR) 
> Plastic and drying shrinkage 
> Freezing and thawing action 
> Corrosion of reinforcement 
> Alkali-Aggregate Reactivity (AAR) 
> Creep 
> Early thermal contraction 
> Frost attack 
> Unsuitable construction methods 
> Stresses induced by shear forces 
> Poor placement of reinforcement 
The self-assessment environment is shown in Figure 7.8. Depending on how many 
questions have been answered correctly, the REPCON management system assesses 
the ability of the user and thereby assigns him/her a skill and confidence level (CL). 
For instance, if all of the questions have been answered correctly, the contributor skill 
level screen will be presented (Figure 7.9) and user's level of knowledge has been 
assessed as an Expert who can see the original database and also take his data out of 
the appendix and put it in the database. 
7.8.2 The Conridence Level (CL) for Contributor's Self Assessment (CSA) 
The heart of the REPCON Management System is Confidence Level (CL), which is a 
numerical assessment of the skill of the user. The criteria for a contributor's self 
assessment (CSA) are shown in Table 7.10. The skill level depends on how many 
questions the user can answer correctly and is graded from 0 to S. The REPCON 
confidence level (CL) extends from 0 to 100, with 0 indicating someone who has no 
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experience (a novice) and 100 indicating a user who has authority in the subject as an 
expert. 
The confidence level is divided into three action zones. In Zone 1 (76 - 100), a user's 
level of knowledge has been assessed as Expert and Specialist. Such people can see 
the original and appendix databases and also contribute their knowledge and 
experience directly to them. Zone 3 (0 - 50) represents a Standard Practitioner, 
Trainee and Novice whose use of the system is restricted to viewing the original 
database. Zone 2 (51 - 75), represents an Experienced Generalist who may be an 
expert in a related subject. Such a person can see the original and appendix databases 
and can also contribute his/her knowledge to an appendix database which an expert or 
specialist can later upgrade to full database status. 
T-ible 7.10 - The REPCON confidence level (CL) for contributor's self assessment (CSA). 
Zone Skill Confidence Confidence Description Recommended 
Level Level (CL) Action 
5 91-100 EXPERT: Authority in the subject. See the original and 
Appendix REPCON 
4 76-90 SPECIALIST: Significant Database and add my 
experience in the subject. knowledge to them. 
3 51-75 EXPERIENCED GENERALIST: See the original and 
Expert in related subject seeking to Appendix REPCON 
2 transfer expertise to the subjects in Database and add my 
hand knowledge to 
Appendix Database. 
2 31-50 STANDARD PRACTITIONER: 
Some experience in the subject. 
3 1 11-30 TRAINEE: Limited experience in See the original 
the subject. REPCON Database. 
0-10 NOVICE: No experience in the 
subject 
I 
The registration process is automated once the user has been assessed as falling into 
zones I or 2. This process has been completed by the user completion details in the 
feedback forni. The user must enter information into all of the fields and choose a 
username. This username is unique to him/her and is required for contributions' data 
and will be also used for next sections. 
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7.8.3 The Confidence Level (CL) for User Contributed Data (UCD) 
Another important component of the REPCON management system is the quality 
assessment of user contributed data (UCD) shown in Table 7.11. UCD is a numerical 
indicator and descriptive function of the new added data. A confidence level (CL) 
must be chosen and entered in a prepared field when the user wants to contribute 
his/her knowledge and experience to the database (see Figure 7.7). The quality level 
extends from 0 to 100 with 0 representing hypotheses and 100 representing accepted 
state-of-the-art information. 
Table 7.11 - The REPCON confidence level (CL) for user contributed data (UCD). 
Zone Confidence Confidence Description Sources of Information 
Level (CL) 
91-100 CERTAIN: Accepted state-of-the- Codes of practice and 
art information. manuals. 
76-90 VERY SURE: Significantly Textbooks and technical 
established information in general reports. 
practice. 
51-75 SURE: Accepted information, Journals and conference' 
2 - which is growing 
in acceptance. proceedings. 
31-50 QUITE SURE: Recommended Information from internet 
information and being used and professional reports. 
tentatively. 
3 11-30 Possible Case: Proposed idea but Self-generation and persons 
questioned by someone. contributing unsure 
information. 
0-10 INNOVATIVE IDEA: Hypotheses Just an idea. 
supported by some evidence. 
The confidence level (CL) is divided into three zones. In zone 1 (76 - 100), the 
information has been elicited from well-tried codes of practice, manuals or textbooks. 
In this zone, the confidence levels are Certain and Very Sure. In Zone 2 (31 - 75), 
Sure and Quite Sure confidence levels have been used for information which is being 
elicited from journals, conference proceedings and professional reports. The 
confidence levels of Possible Case and Innovative Idea in Zone 3 (0 - 30), have been 
introduced for people contributing unsure information or ideas. 
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7.9 Summar 
In this Chapter the use of a database in the diagnosis, evaluation, maintenance and 
repair of concrete structures has been presented. It has been demonstrated that 
combining pictures and technical data can be used in a way that makes decision and 
problem solving easier. The value of visual assistance is in eliminating the 
misunderstanding that often arises from the varying terminology used in the repair of 
concrete structures. 
More importantly the REPair of CONcrete (REPCON) database is developed to 
provide technology transfer of information from experts and specialists to other 
practitioners and vice versa and it provides a common forum for communication 
between clients, architects, engineers and contractors. Therefore, it is a useful guide to 
everyone who deals with concrete repair problems. It is an excellent first hand 
reference guide for a wide range of concrete repair problems leading to accurate 
diagnosis, the selection of appropriate repair materials and techniques and durable 
repair recommendations. 
The database plays a major role in the education mode of this application. In this 
mode, an inexperienced user can have access to the data in the database to develop a 
better understanding of the repair of concrete technology. 
One of the innovations in this application is the use of pictures as a basis for the 
diagnosis of distress in concrete structures. In this mode, the types of distress are 
represented by pictures. This is expected to solve the problem of inconsistency of 
terminology in describing modes of distress. This enables even the inexperienced user 
to diagnose a damaged concrete component by comparing the distress of the concrete 
against the pictures in the database. 
In the evolution mode of the application, the nature of the impairment, repair and 
maintenance of concrete structures within the extent of the database management 
system (DBMS) has been assessed. There is a major need for organising, storing and 
including more effective information and a long-term quality assured information 
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source through the appropriate use of information transfer and a database management 
system (DBMS). 
The REPCON Management System is designed to evolve as the concrete repair 
community interacts with it. Not only will it include readily available up-to-date 
information, it should encourage the more rapid development of knowledge and 
experience in the field of concrete repair. Therefore, this computerized management 
system could provide an improved and consistent method for evolving each original 
database and should become a forum for the exchange of expert opinions in this field. 
In the diagnostic mode of the application, the inexperienced user can use the data and 
pictures in the database to assist him/her in the diagnostic process while experienced 
users can evaluate the performance of the expert system (DEMAREC-EXPERT) by 
storing their own solution alongside the pre-existing expert system solutions for use 
by subsequent users. It helps the knowledge engineer to improve the problem solving 
capability of the expert system by abstracting knowledge from the database. This 
mode is discussed in detail in Chapter 8. 
One of the uses of this application is a thorough evaluation of the current condition of 
the concrete in a structure. In the evaluation mode, it is important that the conditions 
observed be described in unambiguous terms that can be used by the user to be able to 
take engineering and management actions for the repair and maintenance of the 
structure. The evaluation mode of the application is discussed in Chapter 9. 
DEAIAREC-EXPERT: Knowledge Base 
Representation 
. 
8.1 Introduction 
In Chapter 7 the structure of the REPCON database comprising its contribution 
towards the repair of concrete structures is presented. In the DEMAREC software, a 
database management system works in collaboration with an expert system to solve 
repair problems. The architecture of the DEMAREC application is shown in Figure 
6.1. One of the major goals of the DENL&REC research program is to improve the, 
performance and durability of concrete structures. The role of the expert system in 
this application is to assist the user in formulating the problem and generating possible 
solutions of the problem. 
The aim of this Chapter is to explain the role played by the expert system component 
of DEMAREC-EXPERT. This program is created to disseminate knowledge of the 
concrete distresses and recent advancements in concrete repair problems. 
DEMAREC-EXPERT is designed to assist civil engineers in three principal areas: 
1) diagnosing distresses in concrete structures; 2) assessment of conditions and 3) 
obtaining recommendations on materials and procedures for repair and rehabilitation. 
An overview of the architecture of the expert system environment is discussed in 
detailed in Chapter 3. Chapter 8 presents the structure of the DEMAREC-E. NPERT 
system which consists of the purpose and scope of the system, its development and 
implementation, the knowledge acquisition process, the knowledge domain and 
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writing the knowledge bases. The interface between the components of the 
DEMAREC application is presented in Chapter 6. 
8.2 Repair of Concrete and Expert Systems 
The repair of concrete structures is complex owing to the need for an accurate 
assessment of structural conditions and causes of impairment, the level of expertise 
required for the repair design and specification and the variety of site operations 
which usually involve the use of specialized materials and methods. Despite these 
problems, structural engineering has contributed with more or less successful 
decisions concerning the design and construction of repair or rehabilitation works to 
existing concrete structures. 
Advances in computer hardware technology and software development make it 
feasible to develop expert systems that are an effective decision-making tool for 
concrete structures in diagnosing distresses and in making decisions related to the 
selection of repair and rehabilitation techniques and materials. Computerized systems 
can be developed that integrate various types of knowledge used in concrete repair 
such as pictures, drawing, databases, guides and specifications. The knowledge 
contained in DEMAREC-EXPERT is designed to address diagnostic-related issues 
and identification and repair or rehabilitation recommendations. 
A survey of many of the existing prototype and operational expert systems that have 
been developed for the repair and maintenance of concrete structures is presented in 
Chapter 3. This survey identified the three most active areas for concrete structures 
including concrete design, condition assessment and repair and rehabilitation. Expert 
systems can aid the designer in the selection of proper constituents for concrete and 
can assist in design for specific environments, provide information for concrete mix 
design and can be points of reference to acceptable design practices. 
The application of expert systems to diagnostics and repair activities is of benefit to 
concrete structure inspectors, engineers and decision-makers. It can assist the user in 
identifying the distresses, diagnosing the cause of impairment, recommending various 
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repair strategies and providing information for budgeting, planning and life-cycle- 
costs. The application of expert systems in this area is growing rapidly because of 
enhanced durability thereby reducing maintenance and repair costs, the loss of highly. 
qualified engineers and advances in data-gathering methods. 
8.3 Purpose and Scope of the DEMAREC-EXPERT System 
The DEMAREC-ENPERT system is designed to assist engineers in diagnosing 
distresses and in the assessment of current conditions in concrete structures. It is 
coupled to an independent database management system (REPCON) for obtaining 
recommendations on materials and procedures for repair and rehabilitation methods. 
Recognizing the importance of transferring information to practising concrete 
engineers, every effort is made to incorporate new concrete technology in the 
DEMAREC-EXPERT system. The knowledge domain and target user for 
DEMAREC-EXPERT is illustrated in Figure 8.1. 
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Figure 8.1 - DEMAREC-EXPERT knowledge domain and users. 
Examples of distress that occur in concrete structures are those that are induced as a 
result of exposure to adverse environmental conditions e. g. sulphate attack and 
freezing and thawing action. For the durability recommendations, knowledge 
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regarding the selection of concrete constituents for different environrnents is included. 
Material selection and repair methods include knowledge that relates to the selection 
of materials and procedures for various repair and rehabilitation methods. 
An important factor in developing the DEMAREC-EXPERT was the need to limit its 
scope so that design criteria can be applied effectively. The system initially 
accomplishes well-defined goals and then allows for the addition of new knowledge 
as it becomes available or as the system matures. Such additions would make the 
system more comprehensive and useful for concrete decision making for both the 
present and the future. 
DENIAREC-EXPERT is designed to assist various users in the field. For instance, it 
is expected that field inspectors or engineers would use its concrete diagnostics parts 
(CRACON, SURCON or MISCON) to identify distresses and to determine their 
causes. The concrete repair -and rehabilitation methods would be useful to concrete 
designers who need recommendations regarding materials and methods for concrete 
needing repair or rehabilitation. The durability recommendations are useful for 
anyone involved in concrete repair problems. DEMAREC-EXPERT is considered as a 
decision-making tool and to be a comprehensive computerized expert system that 
gives recommendations on concrete structures. 
8.4 DEMAR-EC-EXPERT Development and Implementation 
Expert systems can be developed using a variety of tools and languages. Examples of 
languages that were developed for expert systems are LISP and PROLOG which 
normally takes longer to develop systems using with them. Conversely, expert system 
shell programs tend to take less time for development and they contain development 
tools to assist the developer. The MA development tool used to develop the 
DENLAREC-EXPERT is an example of commercial software available and is 
discussed in Section 3.10. 
The fundamental components of an expert system comprising the knowledge domain 
and the inference engine are presented in Chapter 3. One of the most significant 
Chapter 8- DEMAREC-EXPERT: Knowledge Base Representation 152 
changes in expert systems' architecture is the representation of the knowledge within 
the computer and its interrelationships. Development tools in use today make use of 
multiple knowledge representation such as production rules and semantic networks 
which is often called a hybrid system (see Section 3.6). Object-oriented system as a 
hybrid system uses multiple inference techniques, both backward chaining and 
forward chaining inference, discussed in Section 3.7 and allow the knowledge 
engineer to draw relationships between knowledge components, attach facts and 
establish inheritance within the knowledge structure. An example taken from the 
DEMAREC-EXPERT is illustrated in Figure 8.2. The information contained in the 
ellipses shows the path the system would follow to reach the goal of being "caused by 
insufficient cover of reinforcement". In this example the object attribute "crack 
pattern and direction" is defined and its relationships are established to culminate in 
"cracks are caused by corrosion of reinforcement". 
DEMAREC-EXPERT is a knowledge-based expert system which contains all the 
parts of a typical expert system program (discussed in Chapter 3). The structure of the 
DEMAREC-EXPERT system shown in Figure 8.3 comprises M. 4 as an expert system 
development shell, knowledge bases, the Visual Basic user-friendly interface and 
report generation modules. The DEMAREC-EXPERT consultation flowchart is 
shown in. Figure 8.4. * The user can read the parameters and answer the questions 
through the Visual Basic user interface as shown in Figure 8.5. In some of the 
questions, the user can seek visual assistance in selecting an option by clicking on the 
Assist button. This button activates the picture database enabling the user to view 
them. The MA expert system (see Section 3.10) accesses the knowledge bases and 
based on the input variables makes a decision. The results are stored as codes in a 
separate text file and then decoded and fed into the user interface in where the user 
can review the result. The system is independently coupled to the REPCON database 
for taking recommendations in durability, repair materials and methods. 
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Class: Deterioration 
Subclass: Cracking in Concrete 
Object Attribute 
(in hierarchical order) 
Defect 
Damage 
Distress Category 
Deterioration 
(- Cracking in Concrete 
Symptom Category 
Surface Distresses 
Miscellaneous'Distresses 
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Cracking Pattern - Diagonal 
and Direction 
44ýý 
- Pattern or Map 
- Random 
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Crack Location 
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44 
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Random 
- Over Reinforcement 
- Irregularly Distributed over Surface 
Appearance Relative 
to Crack 
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- No Rust Stains 
Parallel with Rust Stains 
'- Corrosion of Reinforcement 
Figure 8.2 - Illustration of an object-oriented knowledge structure. 
Chapter 8- DEMAREC-EXPERT: Knowledge Base Representation 154 
I Knowledge Base I 
Inference Engine 
(Expert System MA) 
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Figure 8.3 - Interaction between the different modules of the DEMAREC-EXPERT. 
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Figure 8.4 - DEMAREC-EXPERT consultation flowchart. 
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8.5 Knowledge Acquisition Technique 
In the development of an expert system, knowledge acquisition is a crucjýjl lspect ()f 
developing a knowledge base and it is Important that the source ofkno%vlcdgc for any 
systern is carefully selected. The knowledge bases for DEM AIZI',, ('-I,. X III `, RT al-C 
developed using what are considered to be best sources available (ILIHM' tile C) 1ý 
development stage. Sources are investigated and used based on tile analysis and 
interpretation of high-level experts. Because of the vast amount of knowledge and tile 
need to assess its validity, acquiring and validating tile knowledge is the most crucial 
and difficult part in the development of an expert system. 
For this purpose, the use of multiple sources is considered in developing the 
DEMAREC-EXPERT knowledge bases. They have been obtained from literature 
searches, codes of practice, manuals, textbooks, technical reports, Journals and 
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conference proceedings, civil work reports and experienced concrete specialists. Most 
of the knowledge is directly taken from the following major organisations: 
> American Concrete Institute (ACI, 1996) 
> British Standard Institution (BSI, 1997) 
> American Standard Testing for Materials (ASTM, 1980) 
> International Concrete Repair Institute (ICRI, 1992; 1996) 
> RILEM Draft Recommendation (RILEM, 1994) 
> The Concrete Society (2000) 
> U. S. Army Corps of Engineers (USACE, 1995) 
> Federation Internationale de la Precontrainte (FIP, 199 1) 
> Strategic Highway Research Program (SHRP, 1994) 
The initial step of the development strategy for the knowledge base is to organise the 
knowledge and then modified it by the author's experience using the approach an 
expert would take to address the problem or activity. Secondly, a narrative description 
of the knowledge is developed in a question-and-answer format and conclusions and 
recommendations are also included at this stage. Then the diagnostic (hierarchical) 
trees are generated to provide a logical sequence to the knowledge and to represent 
how the knowledge is linked together. The integrity of the knowledge base lies in the 
development of the diagnostic trees. The pieces of knowledge in the diagnostic trees 
are arranged in a manner allowing for an uninterrupted flow of knowledge upon 
completion of the tress. 
The diagnostic tree provides the source document for converting the knowledge to 
question-and-answer display, explanatory display and for developing the systems 
rules and procedures. It is also useful as a synopsis for experts and reviewers to 
review since it provided a "road map" for the knowledge contained in the system. 
Therefore, the sequence of acquiring the knowledge and developing the prototype 
involved determining the scope of the knowledge to be contained in the category, 
evaluating the literature, developing the diagnostic (hierarchical) tree and finally 
developing the computerized version using the expert system development shell 
program. 
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This format is made to reflect the most effective method and best knowledge 
available. Bibliographic references are also included in each of the DEMAREC- 
EXPERT knowledge bases. These are referenced in explanatory, conclusion and 
recommendation display. Push buttons contained in the help facility of each 
knowledge base provide access to a bibliography for the knowledge area which might 
assist users in further investigation and analysis. 
8.6 Knowledgre Domain 
The Diagnosis, Evaluation, MAintenance and REpair materials in Concrete structures 
EYPERT system, DEMAREC-EXPERT is a new intelligent computer system which 
helps the user to select the types of distress which might have occurred. The system 
gathers information concerning the user's visual inspections and knowledge about the 
structure and then gives possible causes of the distress. The system also recommends 
the selection of materials and procedures concerning the concrete repair. 
The knowledge contained in DEMAREC-EXPERT includes information and rules on 
the three categories of distress in concrete structures. Knowledge about cracking in 
concrete (CRACON) is included to identify the various causes related to cracking that 
occurs in concrete structures. CRACON attempts to diagnose the cause of cracking. 
Knowledge related to surface distresses in concrete structures is included in the 
SURCON knowledge base. In addition, a separate module is developed to address 
miscellaneous distresses in concrete structures. These distresses can be diagnosed in 
the MISCON knowledge base. The categories of distress and sub-categories covered 
by each of them in DEMAREC-EXPERT are shown in Figure 8.6. Tables 8.1 through 
8.3 show the distress categories and types along with the cause or probable causes that 
are included in DEMAREC-EXPERT. 
Identifying distresses and determining their causes thereby assisting in the design of 
durable replacement material or adequate repair methods are important parts of any 
concrete repair program. It is important to draw conclusions based on the best 
observations and information available in order to effectively rehabilitate a structure. 
This information may be obtained from visual inspection observations by an engineer 
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or may be taken from pictures and databases. In some cases, it may be taken from in- 
situ tests (e. g. non-destructive testing (NDT)) or laboratory tests (e. g. petrographic 
examination). 
DEMAREC-EXPERT 
I 
Vv Cracking in Concrete Surface Distresses Miscellaneous Distresses 
(CRACON) (SURCON) 
Mi' 
(MISCON) 
Longitudinal and Scaling, Disintegration Structural Related 
Generally Straight and Removal of Materials 
ý 
Distresses 
I 
I- 
Diagona --ý-SýPalring and Popouts Stratification, Segregation 
and Bleeding 
Transverse Joint Related 
Spalling or Faulting Collapsed Member 
Pattern or Map 
- Honeycombing Rust S! a-InI-ng--7 
Random and Multiple 
(irregular over the surface) S i cour ng 
Cracks at Joint, Edge 
and Opening -4- 
Dusting Dampness and 
Leakage 
iscoloration and 
Eff lorescence Temperature Changes and 
Phase Conversion 
Polishing of Aggregate I 
-i 
L=itting 
Wear and Erosion 
Figure 8.6 - Diagram of DEMAREC-EXPERT knowledge bases. 
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DEMAREC-EXPERT assists in the diagnosis by first identifying the distress such as 
map or pattern cracking, scaling or spalling. Then it attempts to draw a conclusion 
about the cause(s) of distress and, in some cases recommends appropriate tests to 
determine the cause of the distress. The data available in the REPCON database can 
assist the user in researching information regarding additional investigation and in- 
situ and laboratory tests. 
Table 8.1 - Cracking in concrete distresses and their associated causes covered by 
DEMAREC-EYPERT. 
Type of Distress Cause of Distress or Probable Causes , 
Longitudinal and Corrosion of reinforcement, Plastic shrinkage, Drying 
Generally Straight shrinkage, Plastic settlement, Alkali-Aggregate Reactivity 
(AAR), Alkali-Silica Reaction (ASR), Alkali-Carbonate 
Reaction (ACR), Frost attack, Sulphate attack, Creep, 
Compression forces, Early thermal contraction. 
Diagonal Plastic shrinkage, Shear forces, Ground movement, 
Foundation settlement, Drying shrinkage, Torsion forces, 
Dead and live loads structural deformation, Restraint to load 
deformation. 
Transverse Combination of dead and live loads, Drying shrinkage, 
compressive stresses. 
Pattern or Map Unsuitable construction method, Unsuitable materials, 
Freezing and thawing action, Sulphate attack, Plastic 
shrinkage, Drying shrinkage, Alkali-Aggregate Reactivity 
(AAR), Alkali-Silica Reaction (ASR), Alkali-Carbonate 
Reaction (ACR), Frost attack. 
Random or Multiple Ground movement, Plastic shrinkage, Sulphate attack. 
(Irregular over the 
surface) 
Cracks at Joint, Corrosion of reinforcement, Lack of expansion joint, 
Edge and Opening Compressive failure (blow-up), Poor joint construction, 
Thermal expansion, Poor load transfer, Loss of subgrade, 
Late sawing ofjoint, Comer break, Omission of bottom crack 
inducer, Frost attack, Sulphate attack, Alkali-Aggregate 
Reactivity (AAR), Alkali-Silica Reaction (ASR), Alkali- 
Carbonate Reaction (ACR). 
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Table 8.2 - Surface distresses and their associated causes covered by DEMAREC- 
EXPERT. 
Type of Distress Cause of Distress or Probable Causes 
Scaling, Disintegration Corrosion of reinforcement, Chloride attack, Sulphate 
and Removal of attack, Freezing and thawing action, Frost attack, Weak 
Materials concrete surface, Unsuitable construction method. 
Spalling and Popouts Corrosion of reinforcement, Chloride attack, Sulphate 
attack, Freezing and thawing action, Frost attack, Weak 
concrete surface, Unsuitable construction method, 
Generating sufficient stresses, Alkali-Aggregate 
Reactivity (AAR), Alkali-Silica Reaction (ASR), Alkali- 
Carbonate Reaction (ACR). 
Joint Related Spalling Poor consolidation of concrete, Improper steel placement, 
or Faulting Reinforcement rupture, Improper construction method, 
Foundation settlement, Corrosion of reinforcement. 
Honeycombing Unsuitable construction method, Lack of vibration of 
concrete, Poor design of formwork. 
Pothole Localized poor concrete, Poor consolidation of concrete. 
Dusting Poor construction method such as sprinkling water on 
concrete surface during finishing, New timber formwork. 
Discoloration and Poor construction method owing to very permeable 
Efflorescence concrete. 
Polishing of Aggregate Poor skid resistance of concrete. 
Wear and Erosion Inadequate construction method, Environmental changes, ' 
Poor abrasion resistance, Chemical attack, Poor quality of 
concrete, Poor resistance of aggregate. 
8.7 DEMARIEC-EXPERT Knowledge Bases 
The ability of an expert system to solve a problem has been observed to increase with 
the extent of its domain knowledge. Undoubtedly the most demanding phase of 
developing an expert system is obtaining and representing relevant knowledge. 
DEMAREC-EXPERT consists of three knowledge bases, each of which contains 
information on the various types of distress in concrete structures. The diagram of the 
DENIAREC-EXPERT knowledge bases is shown in Figure 8.6. The required 
knowledge for diagnosing the concrete distresses is formulated as production rules (IF 
.. THEN) and procedures and 
is incorporated in the knowledge base structure. These 
are typical forms of code in conventional programming languages as well as in MA 
MA knowledge base entry type procedure uses syntax similar to the C programming 
language within the body of the procedure. 
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Table 8.3 - Miscellaneous distresses and their associated causes covered by 
DEMAREC-EXPERT. 
Type of Distress Cause of Distress or Probable Causes 
Structural Related Excessive distress in concrete, Overloading beyond the 
Distresses design, Poor construction method, Environmental factors, 
Deficiencies in shear strength, Inadequate flexural 
strength, Bond failure during shrinkage, Strain increases 
with time, Temperature changes, Reduced internal 
stresses. 
Stratification, Careless in handling and placing concrete, Inadequate 
Segregation and curing, Inadequate and over vibration. 
Bleeding 
Collapsed Member Soil failure, Surface rupture, Earthquake loads, Impact, 
High temperature on structural materials, Fire. 
Rust Staining Corrosion of reinforcement, Poor concrete. 
Scouring Poor choice of foundation location, Meandering riverbed, 
Inadequate flow area, Inaccurate estimation of flood level 
and its speed, Lack of scour prevention measures, 
Improper sizes of riprap protection, Improper designed 
riprap. 
Dampness and Leakage Poor mix properties used and inadequate construction 
method. 
Temperature Changes Thermal expansion drying, Thermal incompatibility, HigFT 
and Phase Conversion temperature, Used High Alumina Cement Concrete 
(HACC). 
Pitting Corrosion of reinforcement. 
The rules are organised on the diagnostic trees developed during the knowledge 
acquisition process and are arranged in a manner that provides a fast and accurate 
information flow. The sequence in which the rules are evaluated is controlled by the 
"Initialdata" (Figure 8.7) which is a predefined term makes up the MA knowledge 
representation language. The rule organisation is performed by the following steps: 
> The knowledge is represented in diagnostic trees during the knowledge acquisition 
process. The diagnostic tree indicates how the knowledge is linked together and 
how the rules are written and organised. 
> The rule numbers are assigned in the order which they are created. 
> The rules are further arranged by assigning the, TYPE and SYMPTOM variables 
shown in Figure 8.7. These variables control the sequence in which the rules are 
carried out. The variable SYMPTOM in this rule declares what symptom category 
has been considered while the TYPE variable is used to assign the value of 
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distress type such as either longitudinal or diagonal crack in cracking in concrete 
category. 
kb-1: 
initialdata = [welcome_displayed, consultation_over, 
repair_method, next_step). 
rule-2: 
procedure(consultation 
- 
over) 
TYPE := find 
- 
symptom 
- 
category; 
find long(cracks-observed(TYPE)); 
if (long(cracks 
- 
observed(TYPE)) - yes) 
eval(cracking_corrosion(TYPE)); 
break; 
else 
eval(cracking(TYPE)); 
I 
rule-3: 
procedure(find - 
symptom-Category) 
SYMPTOM : == cracking_in concrete; 
TYPE := symptom type(SY-MPTOM); 
find message(caýegory, [SYMPTOM, TYPE]); 
return(TYPE); 
Figure 8.7 - An example of rules showing as a procedure knowledge base entry. 
> The results as a message are assigned based on its order of appearance within the 
diagnostic tree. 
lt was necessary to extend the capabilities of MA by developing special features such 
as confidence level (CL) that improved the user interface and providing access to 
external capabilities. The rules and the parameters in the DEMAREC-EXPERT 
knowledge bases contain confidence level (CL) values to indicate the degree of 
reliability about the acquired knowledge. The confidence levels can be combined with 
each other to obtain an overall confidence level for the final recommendation or 
conclusion. These are a measure of the confidence that can be placed on any given 
conclusion or recommendation. 
The confidence levels (CL) included in the DEMAREC-EXPERT are words and 
descriptive functions with pre-determined CL value which are used to describe the 
knowledge. Words such as "Certain", "Very Sure", "Sure", "Quite Sure", "Possible 
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Case" and "Innovative Idea" conceal specific uncertainty within the meaning. A scale 
similar to the one shown in Figure 8.8 is used to assign a confidence level as pre- 
determined value for the DEMATEC-EXPERT rules. 
Innovative Possible Quite Sure Very 0 Idea Case Sure Sure 100 
IIIII 
10 30 50 75 90 
Definitely Definitely 
NOT is 
Figure 8.8 - DEMAREC-EXPERT confidence level (CL). 
The confidence level should be assessed during the question-and-answer session with 
the expert system. When a question is asked of the user, the response may include a 
CL which indicates the unreliability of the answer. If no CL is entered, the program 
will assign a CL of certainto the parameter. 
Other extended facilities provided by DEMAREC-EXPERT arc: 
>A chronology of the knowledge base development. 
> Storage of information during the expert system execution. 
The development of these extended capabilities for DEMAREC-EXPERT involved 
writing computer programs in C and Visual Basic programming languages. 
Descriptive information about the structure or structural components such as structure 
and construction types, distress type and category is stored in the database component 
of the knowledge base. This information is entered by the GUI windows shown in 
Figure 8.9 and the expert system may be required to assist the user in selecting these 
parameters. The user can obtain assistance from the REPCON database of pictures 
attached to some of the user help options. Visual information such as photographs and 
drawings enhance the interpretation of results and can often describe failure modes for 
materials and structures. 
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8.7.1 Crackinjj in Concrete (CRACON) Knowledue Base 
The cracking in concrete (CRACON) knowledge base contains diffIcl-clit 1101-Ills of' 
crack shown in Figure 8.6. The CRACON knowledge base has been developed lor 
identifying the probable cause of cracks in concrete based oil their shape and pattCril, 
density and location. The six types of crack are selected because they comprise flic 
most persistent manifestations of premature impairment of' concrete. Knowledge 
contained in the system is obtained from codes of practice, textbooks, experts ill the 
field, photographs taken of actual concrete failures and the classification of' the 
failures into the REPCON database format. 
The following definitions summarise the main forms of crack covered by tlic 
CRACON knowledge base: 
Longitudinal and generally straight: Cracks that develop parallcl to the low, I- 
direction of the member. 
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> Diagonal: Diagonal cracks are usually caused by loss of foundation support, base 
erosion and shear stresses, at about 45 degrees to the natural axis of a concrete 
member. The formation of diagonal cracks under these conditions may signify 
ultimate failure in the affected regions. 
> Transverse: Transverse cracks are usually caused by drying shrinkage or thermal 
restraint (movement restrained by the reinforcement) that develop at right angles 
to the long direction of the member. Also, frictional resistance between a 
pavement and the supporting base may contribute to the formation of transverse 
cracks. 
> Pattern or Map: Fine openings on concrete surfaces in the forni of a pattern. This 
results from a, decrease in the volume of the material near the surface, or an 
increase in the volume of the material below the surface, or both. 
> Random and Multiple (irregulars over the Surface): Several cracks in a 
reinforced concrete slab showing no regular pattern. Also fine random cracks or 
fissures in a surface of plaster, cement paste, mortar, or concrete are attributed to 
crazing. 
> Cracks at Joint, Edge and Opening: Cracks either at or in the vicinity of 
transverse and longitudinal joints e. g. within the length of dowel or tie bars or 
immediately adjacent to them may occur for a number of reasons associated with 
either their construction, maintenance or design. Cracks at joints which occur as a 
result of dowel bar misalignment are always secondary to the joint crack. The 
main types of these cracks are transverse or diagonal cracks in transverse joints, 
longitudinal cracks at transverse joint and longitudinal cracks at longitudinal 
joints. Also a series of cracks called D-Cracking occurs in concrete near and 
roughly parallel to joints, edges and structural cracks. 
The first step in representing this knowledge base is the creation of diagnostic 
(hierarchical) trees. During the development of CRACON, its knowledge was 
partitioned into six types of crack, each dealing with a major distress problem. 
Diagnostic trees for knowledge of cracking in concrete are illustrated in Figures 8.10 
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to 8.15. Then the facts are expressed in the form of production rules and procedures. 
Within the diagnostic tree of CRACON, several questions are asked concerning the 
shape and geometry of crack, location, direction and appearance. The inference 
engine searches for answers by initiating one or more rules within the CRACON 
knowledge base. The rules are evaluated and recommendations are given based on the 
current state of the crack. 
8.7.2 Surface Distresses (SURCON) Knowledee Base 
Structural impairments of concrete structures are shown in the form of various 
distresses on the concrete surface. In evaluating the existing condition of concrete 
structures, it is important to define and describe the distresses objectively and 
consistently. To achieve this objective, the most persistent manifestations of surface 
distresses in concrete is chosen for creating the surface distress (SURCON) 
knowledge base. The SURCON knowledge base contains nine different types of 
surface distress as shown in Figure 8.6. 
The following distresses can be chosen as a main visual distress symptom in the 
concrete surfaces covered by SURCON: 
> Scaling, disintegration and removal of materials: Local flaking or pceling away 
of the surface layers of hardened concrete. Only in the infrequent cases of severe 
scaling does the coarse aggregates become detached. Scaling is a type of 
disintegration that is deterioration into small fragments and subsequently into 
particles. 
> Spalling and popouts: This is the process of detachment of a concrete fragment, 
usually in the shape of a flake, from concrete by the action of weather, by pressure 
or by expansion within the larger mass. This pressure is commonly the result Of 
expansion caused by the corrosion of steel reinforcement. As a surface distress, 
spalling is usually localised and often shallow. It is rarely deeper than the 
reinforcing steel or the size of the larger coarse aggregate. A popout is the 
breaking away of a small portion of concrete at the surface which leaves a 
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Figure 8.13 - Diagnostic tree for representing of the knowledge of diagonal crack. 
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(Irregular over the Surface) 
Onserved 
perclominantly over 
, -,, the floor slabs, -*"' 
Ground Movement. 
Observed on the Differentail Settlements or 
, tio s 
No 
ns 
Yes Shrinkaq foundations e Cracking (Plastic or 
Drvinq). 
> 
Detailed examination Is 
recommended by laboratory 
It is not possible to analysis of 
distreesed 
identify. Detailed concrete. 
examination is 
recommended. 
Sulph te Attack. 
Detailed examination Is 
recon ended. 
Figure 8.14 - Diagnostic tree for representing of the knowledge of random crack. 
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Cracking In Concrete: 
Transverse 
perdominantly irl,, 
negative moment 
regions of the 
\ member 
7/ 
It Is not possible to 
identify. A more 
detailed examination I 
recommended. 
Combination of Dead 
and Live Loads, 
Dryinci Shrinkaqe. 
171 
Figure 8.15 - Diagnostic tree for representing of the knowledge of transverse crack. 
shallow, typically conical, depression or hole. Popouts are usually caused by the 
expansion of aggregates which are susceptible to frost action. Small popouts 
leave holes up to 10 mm in diameter, medium popouts leave holes 10 to 50 mm in 
diameter and large popouts leave holes greater than 50 mm. in diameter. 
> Joint related spalling orfaulting: This is a spall adjacent to a joint. 
Honeycombing: Voids left in concrete owing to failure of the mortar to 
effectively fill the spaces among coarse aggregate particles. Honeycombing occurs 
when concrete is not properly consolidated owing either to inadequate vibration or 
poor design or formwork, allowing pockets of concrete to lie out of the reach of 
vibration. 
> Pothole: Bowl-shape holes of various sizes in concrete pavement surfaces, which 
when fully developed are larger than popouts. 
> Dusting: The development of a powdered material at the surface of hardened 
concrete. 
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> Discolouratiou aud efflorescetice: Discolouration is loss of colour from that 
which is normal or desired. Efflorescence is a deposit of salts, usually white, 
formed on a surface, the substance having emerged in solution from within either 
concrete or masonry and subsequently precipitated by evaporation. 
> Polishing of aggregates: Surface mortar and texturing wom away to expose 
coarse aggregate in the concrete, which is glossy in appearance and smooth to the 
touch. 
Wear and Erosion: Progressive disintegration of a solid by the abrasive or 
cavitation action of fluids or solids motion. Abrasion damage is wearing away of a 
surface by rubbing and friction. Also, cavitation damage is pitting of concrete 
caused by implosion, i. e., the collapse of vapour bubbles in flowing water which 
form in areas of low pressure and collapse as they enter areas of higher pressure. 
Pitting is also the development of relatively small cavities in a surface owing to 
phenomena such as corrosion, or other types of localised disintegration. 
In developing this prototype knowledge base, the diagnostic trees served as the 
vehicle for communication between the experts who interpreted and organised the 
knowledge in a hierarchical structure and the knowledge engineer who initially record 
the knowledge into a question-and-answer sequence form along with a network 
diagram. Diagnostic trees for representing the knowledge of surface distresses are 
shown in Figures 8.16 to 8.19. 
The SURCON knowledge base may ask many questions during the consultation 
session for surface distresses and detailed suggestions and recommendations are 
displayed. The main rules for assigning symptom category and a value (any distress 
type) to SYMPTOM and TYPE variables respectively are shown in Figure 8.20. 
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Surface Distress: 
Scalinq, Disinteciration and 
Removal of Materials 
freezing/ thaw 
: onditions with 
\\ icing salts, 
'Exposed to sea, 
water or chloride 
attack z 
Chloride and Sulphate 
Attack 
Laboratory analysis is 
recommended for 
Corrosion of Reinforcinq 
Steel. 
F 
INLr- 
Weak Concrete. 
Unsuitable 
Construction Method. 
Freezinq and 
Thawinq Action. 
Frost Attack. 
'Exposed tolN 
sea water or 
osea 
r= 
craCKS\ 
0 and val of -Yes- 
atedals observe 7 
IF I Sulphate Aftack. 
Freezing and Thawing 
Action, Chloride and 
Sulphate Attack. 
Detailed laboratory 
examination Is 
recommended for 
Corrosion of Reinforcing 
Steel. 
Figure 8.17 - Diagnostic tree for representing of the knowledge of scaling, 
disintegration and removal of materials. 
Surface Distress : 
Joint Related Sr)allincl or 
Faultinq 
'Cracks less thart\ 
o. 5 m long without 
., loose pieces / 
than 0.5 m long 
with small 
Improper Construction 
Method or Foundation 
Settlement. 
Poor Consolidation of 
Concrete. Improper 
Steel- Placement. 
Detailed examination 
Is recommended by 
laboratory analysis of 
distressed concrete. 
Reinforcement Rupture 
or Poor Placement o 
the Reinfircement. 
Figure 8.18 - Diagnostic tree for representing of the knowledge of joint related 
spalling or faulting. 
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Surface Distress : 
Wear and Erosion 
Floor and 
Abrasion and Chemical Erosion. 
Design parameters, material selection and 
quality, environmental factors should be 
considered. 
Cavitation 
Erosion 
elect the type,,, _ 
Hydraulic 
of structure Z Structure' 
Cavitation. Abrasion and Chemical Erosion. 
Design parameters, material selection and 
quality, environmental factors should be 
considered. 
Collapse of Vapo 
Bubbles formed by 
pressure changes in 
high-velocity flows 
and Fluctuation of 
Water Pressure. 
Chemical 
Erosion 
Select the Abrasion 
Erosion 
Chemical Attack. 
De-Icing salts, 
penetrating sea water, 
Acidic environments 
Undesirable Conditions. 
Unsuitable Construction Method. 
Improper Workmanship. Poor 
Qualitv of Concrete. 
SelecttheN, Chemical 
rosion type, --, Erosion' 
I Chemical Attack. 
Abiablon 
Acidic environment, 
Erosion Alkali environment and 
Hydrogen sulphate 
corrosion. 
Abrasive Effects of 
waterborne silt, rock, 
Ice, sand and other 
debris 
Figure 8.19 - Diagnostic tree for representing of the knowledge of wear and erosion. 
Recommendations are written as "message-text" kb-entries in the SURCON 
knowledge base. Figure 8.21 shows an example of message-text including 
conclusions and recommendations for surface scaling. 
k 
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rule-2: 
procedure(consultation - 
over) =I 
TYPE := find 
- 
symptom-category; 
if (TYPE == polishing_of_aggregate) 
eval(surface(TYPE)); 
break; I 
else {if (TYPE == honeycombing) 
eval(surface(TYPE)); 
break; I 
else {if (TYPE == pothole) 
eval(surface(TYPE)); 
break; ) 
else fif (TYPE == dusting) 
eval(surface(TYPE)); 
break; I 
else {if (TYPE == discoloration_and_efflorescence) 
eval(surface(TYPE)); 
break; I 
else {find surf(surface distress(TYPE)); 
if (surf(surface_distress(TYPE)) - yes) 
eval(surface(TYPE)); 
break; I 
else {eval(distress(TYPE)); ) 
rule-3: 
procedure(find_symptom_category) 
SYMPTOM : == surface distress; 
TYPE := symptom-type(SYMPTOM); 
find message(category, [SYMPTOM, TYPE]); 
return(TYPE); 
Figure 8.20 - Main rules shown as a procedural knowledge base entry in SURCON. 
kb-19: 
message-text(scaling-sulphate, (]) CONSULTATION OVER 
=====', nl, nl, 'The surface scaling is caused by SULPHATE ATTACK. This 
conclusion can be increased by laboratory analysis which should be 
taken on the distressed layer specimens. Sulphates often concentrate 
at the surface at a higher level than in deeper regions of the 
concrete component. ', nl, nl, 
Figure 8.21 - An example of message-text in SURCON. 
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In developing of the diagnostic trees shown in Figures 8.10 through 8.19 for 
representing the knowledge of concrete distresses, detailed investigation mentioned in 
some conclusions. Table 8.4 shows the summary of these investigations 
recommended for some of possible causes which are covered by DEMAREC- 
EXPERT system progam. 
Table 8.4 - Detailed investigation recommended by DEMAREC-EXPERT for some 
Of DOSsible causes. 
Possible Cause Detailed Investigation Recommended 
Alkali-Aggregate E3 Taken sample of distressed concrete. 
Reactivity (AAR) 0 Petrographic examination of aggregates (ASTM C 295) 
and concrete (ASTM C 856). 
0 Quick chemical test. 
13 Osmotic test. 
Sulphate Attack 0 Taken sample of distressed concrete. 
0 Petrographic examination of concrete (ASTM C 856). 
0 Sulphate content test. 
0 Physical properties test. 
Corrosion of 0 Taken sample of distressed concrete. 
Reinforcement El Chloride content test. 
C) Carbonation test. 
0 Permeability test. 
13 In-situ half-cell potential test. 
0 In-situ covermeter test. 
Weak Concrete, 0 Taken sample of distressed concrete. 
Unsuitable 0 Determining the physical and chemical properties of 
Construction concrete. 
Method, Frost C3 Analysis of concrete contents for contaminated 
Attack aggregates. 
Unknown 0 Taken sample of distressed concrete. 
13 Determining the physical and chemical properties of 
concrete. 
Once the diagnosis has been made a remedy needs to be recommended. There are 
many alternative repair materials and methods in the REPCON database and the most 
appropriate is dependent on the engineering knowledge and experience of the user. 
This information is chosen alongside brief description and referred to Tables 2.22 and 
2.23 in Chapter 2. 
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8.7.3 Miscellaneous Distresses (MISCON) Knowled2e Base 
Many other factors may contribute to or cause the impairment of concrete structures. 
These are described as miscellaneous distresses in this research and are presented in 
the miscellaneous distresses (MISCON) knowledge base. These forms'of distress are 
as follows: 
> Structural Related Distresses: Distresses in the form of cracking can result from 
excessive stress levels in the concrete. Overloading beyond the design provision, 
poor construction or deterioration owing to environmental factors can result in in- 
situ strength deficiencies in concrete, reinforcement and their interfaces. In 
addition to the materials, the structural forms themselves can be lacking in 
strength and robustness owing to inadequate design, detailing and construction. 
Such deficiencies include shear, flexural, tensile and bond strength failures. 
Cracks may also result from stresses owing to imposed overloading and abnormal 
deflection, curling and warping and creep. Abnormal deflection is ayariation in 
position or shape of a structure or structural element resulting from the effects of 
load or volume change, usually measured as a linear deviation from an established 
plane rather than an angular variation. Curling and warping is a change in 
dimension or shape resulting from stress, or the distortion of an originally 
essentially linear or planar member into a curved shape such as the warping of a 
slab resulting from creep or to differences in temperature or moisture content in 
the zones adjacent to its opposite faces. Creep is also time-dependent deformation 
resulting from sustained load or drying of concrete. 
> Stratification, Segregation and Bleeding: Segregation is the differential 
, concentration of the components of mixed concrete, aggregate, or the like, 
resulting in non-uniform proportions in the mass. It is the tendency, as concrete is 
caused to pass from the unconfined ends of shute or conveyor belts or similar 
arrangements, for coarse aggregate to separate from the concrete and accumulate 
at one side. It is also the tendency, as processed aggregate leaves the ends of 
conveyor belts, chutes, or similar devices with confining sides, for the larger 
aggregate to separate from the mass and accumulate at one side; or the tendency 
for solids to separate from the water by gravitational settlement. Bleeding channel 
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is the autogenous flow of mixing water within, or its emergence from, newly 
placed concrete or mortar; caused by the settlement of the solid materials within 
the mass; also called water gain. Stratification is also the separation of overwet or 
overvibrated concrete into horizontal layers with increasingly lighter material 
toward the top. 
> Collapsed Member: Careless overloading can occur during construction or use, 
but the direct evidence may have been removed. Accidental overloading can occur 
due to impact, explosion, earthquake or wind. Serious overloading can be caused 
by change of use or ill thought through modifications to the structure. 
> Rust Staining: Rust staining, together with fine cracks, is almost always an early 
sign of reinforcement corrosion. On the other hand, rust-like stains may also be 
the result of contamination of aggregates with pyrites (iron sulphide) which 
oxidizes on contact with air. Stain patches may also result from the rusting of nails 
and tie wires which have been left in the formwork during casting and rust 
deposits on the formwork before casting may also show as rust stains on the 
concrete surface. 
> Scouring: Excess water rising in the forms can produce stream-like patterns in the 
surface of the concrete. 
> Dampness and Leaka, -, e: One of the biggest problems with concrete structures is 
the intrusion of water. Water and dissolved salts attack reinforcing steel, 
posttensioning tendons, and anchorages, thus greatly affecting the capacity of the 
structure. Water may enter from cracks in the top slab or from a poorly designed 
or defective expansion joint. Damp areas on the surface may be the result of 
leakage through cracks and joints or may indicate the accumulation of water in the 
behind of surface which is leaching through the concrete. 
> Temperature Changes and Phase Conversion: Phase changes which involved 
volume changes can cause disruption of concrete, and in particular the phase 
change of quartz on heating has been studied because of its importance in concrete 
subjected to extreme temperature changes. The conversion of one hydrate phase to 
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another in concrete under more usual service conditions is of importance in 
influencing of the durability of concrete. 
Temperature rises, and particularly those that occur at an early age, may be 
responsible for a great deal of early cracking in structures. Cycles of temperature 
can have a progressive effect on the reduction of tensile and compressive 
strengths of which tensile strength is more affected by heat than is compressive 
strength. During rapid rise and fall of temperature, the response of concrete is 
affected by the interaction of thermal expansion drying (and hence shrinkage), 
thermal incompatibility (leading to cracking) and enhanced creep at high 
temperatures. 
High Alumina Cement (HAQ concretes are widely used to achieve high early 
strength, higher temperature and resistance to chemical attack; especially to 
sulphate attack. In poor quality conditions (not fully compacted, high W/C ratio, 
inadequate cured) the strength may fall significantly at later ages. This is 
associated with the conversion to the stable hydrate of the metastable calcium 
aluminate hydrates which form first. HAC does not release free lime when mixed 
with water (as does Portland Cement) and this results in improved resistance to 
attack by dilute acids but it is vulnerable to attack by caustic alkalis in solution as 
the alkalis react with the hydration products of the HAC to form calcium 
hydroxide and other components. If carbon dioxide is present, the calcium 
hydroxide is converted to calcium carbonate in the presence of moisture, and 
further complex reactions occur which weaken the concrete and lower the pH. 
> Pitting: Pitting is the development of relatively small cavities in a concrete 
surface, localized disintegration owing to phenomena such as cavitation, 
corrosion, or other types of localised disintegration. 
In representing the MISCON knowledge base, the diagnostic trees shown in Figures 
8.22 and 8.23 are created in order to convert the knowledge to a question-and-answer 
display which is presented to the user in search of a conclusion or recommendation. 
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8.8 Summarv 
In this Chapter the components of the expert system DEMAREC-EXPERT have been 
described. The role of the expert system in this software is to describe the design and 
implementation considerations of an expert system tool to aid field inspectors in 
determining the cause(s) of distress in concrete structures. This system is a valuable 
tool in automating the acquisition of field information, in presenting a hypothesis on 
how known distresses relate to, site specific problems, in preserving the knowledge of 
experts and in providing a record of the condition of structures at different ages. It 
also provides much needed guidance for practitioners while serving as a decision 
support system for other experts and specialists in the field. 
It has been shown that the knowledge base for DEMAREC-EXPERT uses a vast 
amount of knowledge of proven validity. 
The knowledge contained in the DEMAREC-EXPERT comprises information on the 
three main categories of distress and is presented by using both production rules and a 
procedural approach. In developing these knowledge bases, diagnostic trees are used 
for converting the knowledge to a question-and-answer display and as a road map for 
reviewing knowledge and making modifications to the computerized system. 
The aim of the expert system is to provide a rapid and consistent method to make 
decisions from the assessment of concrete structure impairment. DEMAREC- 
EXPERT is designed to provide the user with recommendations related to the best 
course required for maintenance and in the selection of materials and methods for the 
repair of concrete structures. For this purpose, the DEMAREC-EXPERT system is 
coupled to an independent database management system called REPCON. The 
REPCON expert systems reviewed in Section 3.3 are totally different pieces of 
software from the REPCON database described in Chapter 7. The knowledge 
included in the REPCON database offers information relating to selection of materials 
and methods for repair and rehabilitation and gives the recommendations to enhance 
durability. Therefore, it is a valuable tool for engineers and other professionals 
dealing with the maintenance and repair of concrete structures. 
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DEMAREC-EXPERT's conclusions and recommendations are meant to be used as a 
decision-making tool. Miss-perception of the structure's conditions and requirements, 
miss-statement of the inspectors or the absence of information may cause the 
conclusions and recommendations to be invalid. This is why users are encouraged to 
conduct tests and procedures recommended by the REPCON database. 
Condition and Performance Rating Procedures 
for the Evaluation of Deteriorated Concrete 
9.1 Introduction 
It is important to gain an understanding of the basic causes and mechanisms of the 
various forms of distress which may attack concrete. Although impairment of 
concrete structures is usually a medium to long term process, the onset of distress and 
its rate may be influenced by the presence of defects which have their origin at the 
time of construction, or in the very early stage of the life of the structure. Condition 
assessment of concrete structures is apparently far more difficult than the analysis of 
design (Cabrera et al, 1995). One objective of an evaluation management system 
(EMS) is to create assessment procedures that will allow the current condition of the 
structure and its components to be expressed numerically so as to assist in choosing 
the best course of action in the repair and maintenance management. 
In the DEMAREC software, an evaluation management system (called ECON) works 
in collaboration with a database management system (REPCON described in Chapter 
7) to describe a proposed system for determining a confidence level (CL). CL 
numerically rates the condition of the concrete on a scale of 0 to 100 (Table 9.1) by 
evaluating each concrete deficiency. 
The main objective of this Chapter is to create uniform procedures for assessing the 
current condition of structures that numerically rate the condition of the distressed 
concrete. Information on how to conduct an evaluation of the concrete in a structure 
was presented in Chapter 2. As described in Chapter 7, the stored data in the 
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REPCON database directs the user towards a comprehensive evaluation of the 
structure. Chapter 9 is structured as follows: an overview of the evaluation of concrete 
structures followed by a description of decision making under conditions of 
uncertainty, distress simulation and finally a quantitative rating system for evaluating 
the condition of deteriorated concrete. It will be shown how the procedure developed 
in this research is related to structural integrity and serviceability of the structure. 
9.2 An Overview of the Evaluation of Concrete Structures 
The impairment of concrete is an extremely complex subject (May; 1992, Kay; 1992, 
USACE; 1995). Consideration of failure mechanisms such as brittle or ductile 
fracture, fatigue, creep, instability or corrosion must take into account the nature and 
properties of all the materials which together constitute the composite. 
In most cases, the damage detected will be the result of more than one mechanism. Z) 
For example, corrosion of reinforcing bar may cause cracks that allow moisture 
greater access to the interior of the concrete. This moisture could lead to additional 
damage by freezing and thawing. In spite of the complexity of several causes working 
simultaneously, given a basic understanding of the various distresses causing 
mechanisms, in most cases it should be possible to determine the primary cause or 
causes of the distress evident on a particular structure. Therefore, it would be 
simplistic to suggest that it will be possible to identify a specific, single cause of 
distress for every symptom detected during an evaluation of a structure. 
With respect to the evaluation of structural concrete which is related to structural 
integrity and serviceability, some work has been done. In an effort to improve 
maintenance techniques and practices for such concrete structures as coastal 
structures, gravity dams, and retaining walls, the U. S. Army Corps of Engineers 
(USACE) established the Repair, Evaluation, Maintenance, and Rehabilitation 
(REMR) Research program (USACE, 1996). Within the REMR program is a group 
projects dedicated to the development of computerized maintenance management 
systems for concrete structures. One of the main objectives of the REMR program 
was to establish a rational, standard procedure for evaluating the physical condition 
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and to create a method for determining numerical condition and performance ratings 
which, in turn, would be used to produce Condition Index (CI) values for the 
structure. 
A prototype Bridge Management System (BMS) was developed for deteriorated 
concrete bridges by evaluating the output results from a bridge rating expert system. 
The proposed BMS offers various maintenance plans based on a combination of 
maintenance cost minimization and quality maximization. Genetic Algorithms (GAs) 
are adopted for solving the optimization (Miyamoto et al, 1999). A program related to 
the concrete bridge rating expert system was developed by Miyamoto et al (1995) 
enabling the perfon-nance of concrete bridges to be evaluated by visual inspection 
based on knowledge and experience acquired from domain experts. 
Through the 1960's and into the 1970's bridge Maintenance, Repair and 
Rehabilitation (MR&R) activities were performed on an "as-needed" basis. The 
Pontis bridge management system is the predominant bridge management system 
employed in the United State (Thompson et al, 1998). Pontis is both a software 
system and an organising framework to help bridge managers make the transition 
from collecting and processing raw safety inspection data to a more sophisticated 
approach of optimizing the economic efficiency of the bridge network. 
To assist airport managers, engineers and maintenance personnel in undertaking 
pavement design, performance, preventive and remedial maintenance and repair, an 
advisory circular (AC) has been developed by the Federal Aviation Administration 
(FAA, 1982). This advisory circular describes a pavement condition index (PCI) 
limited to flexible pavements and jointed rigid pavements and provides information 
on the various types of pavement distress together with recommended corrective 
actions. It also contains guidelines for conducting preventive maintenance inspections 
and establishing an effective maintenance program. 
A performance index (PI) method is developed for fast and cursory evaluation of the 
physical condition of concrete bridges (Cabrera et al, 1995). This method originally 
proposed by Cabrera (1988) introduces the concept of quantitative evaluation of 
concrete performance in order to implement rapid ranking of the overall state of 
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concrete bridges using the result of the observation of signs of distress and weighting 
scales based on severity and extent. This procedure involves visual inspection of 
concrete surface or near surface damagesýwhich can be described in terms of severity 
and extent and takes exposure condition into account as modifier. 
9.3 U. S. Army Corps of Engineers Approach to the Evaluation of 
Concrete Structures 
With respect to the development of condition rating procedures for the evaluation of 
concrete structures the U. S. Army Corps of Engineers has developed a system which 
is now described. A common definition is used to express the condition of facilities. It 
is called the Condition Index (CI) and it can be applied to all of the structures to be 
evaluated (USACE, 1996). Engineering judgement and experience are needed to 
develop the set of criteria and procedures from which the CI of a structure will be 
established. The process of identifying this set of criteria was done for such structures 
as dam and lock gates, gravity dams, retaining walls, spillways and jetties. 
Serviceability and subjective evaluation of Safety were the primary factors considered 
by the experts, whose opinions have been combined and classified into a set of 
problems or distresses and "expert opinion7 rules that are embedded in the evaluation 
that constitutes the CI (Greimann, 1995). Therefore, great care is taken in the 
development of criteria and inspection procedures to ensure that the results are 
consistent and repeatable. 
The distresses identified for each structure are quantified by a measurement X. These 
measurements can comprise actual data-taking or are the result of a subjective 
evaluation. Typically each distress can be either a problem in itself or an indication of 
a problem. In most projects which were done by USACE (1996), the individual 
distress CI is quantified by: 
Condition Index (CI) = 100(0.4)31x---, (9-1) 
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where X,,.,, is some limitation value of X (Greimann, 1995). Engineering judgement, 
knowledge and experience are needed to describe the measurement of X and limiting 
X,,, a,, values for each distress. 
Correct diagnosing for each type of distress is a complex issue. Many times a distress 
may have several possible causes, and often a combination of distresses must be 
present before a certain cause can be identified. For example, in a lock gate, there are 
several causes of anchorage deterioration such as: 
Corrosion 
Concrete cracking and spalling 
Anchor bolt elongation or movement 
Loose or missing casting bolts 
Additional load. 
If anchorage movement can be detected by visual inspection, this is usually the first 
indicator of a significant problem. Any structural cracking and spalling of the concrete 
in this area will reduce the CI by a factor of 0.85. If any of the anchor or casting bolts 
and nuts is corroded, loose or missing, the CI decreases by a 0.70 factor (Greimann, 
1995). 
Obviously, subjective judgement and engineering knowledge and experience are 
required to classify the importance of distresses. 
When multiple distresses occur in a part of the concrete structure, weighting factors, 
wi, are assigned to each distress. These relative weights reflect in some degree the 
opinions of experts and engineers. Previous work done by Greimann et al (1995) has 
suggested that the normalized weighing factors, Wi, are defined by: 
wi Wi (100) F, wi 
(9-2) 
where F, wi = 100. The combined CI for all types of distress is given by: 
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Condition Index (CI) = 
[WIC11 +W2C12 +***+WnC'nl 
(9-3) 
100 
where n represents the total number of distresses. The experts have judged that this 
equation is always valid unless a crack is detected because a crack in any lock gate 
component could seriously affect the structural integrity of the gate (Greimann, 1995). 
Therefore, a unique formula or equation to calculate the Condition Index is not 
possible and it depends much more on the type of concrete distress and engineering 
judgement, knowledge and experience. 
In another effort to develop a procedure for the evaluation of concrete structures, 
Bullock et al (1995) assigned nominal deduct values for most defects in serviceability. 
The exact method of calculating the Condition Index (Cl) from the deduct values was 
determined by collecting subjective expert ratings based on the condition described by 
the REMR Management Systems. 
Deduct Values for various distress categories that tend to result in cracking such as 
diagonal, pattern, longitudinal, D-cracking, and in volume loss of concrete such as 
honeycomb, scaling, spalling, and steel deterioration were determined. Deduct Values 
are subtracted from 100 to established the CI. 
When multiple distresses occur in a part of the concrete structure, to calculate the CI 
the five largest Deduct Values (DV), with DVI the largest value and other values in 
descending order to the fifth largest, DV5 were considered. The calculation was based 
on the following equation (Bullock et al, 1995): 
CI = 100 - [I. O(DVI) + 0.4(DV2) + 0.2(DV3) + 0.15(DV4) + O. I(DV5)] (9-4) 
9.4 Decision Makingr under UncertgLinty 
One of the most important characteristics of successful administrators in all types of 
organisation is the ability to make the correct decision more often than the incorrect 
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one when confronted with insufficient information (Baird, 1989). Decision making is 
so pervasive that everyone is involved with it. Industrial, govenu-nent, academic and 
scientific administrators all make decisions which might be the choice of a method, 
adoption of one among various possible ways to pursue, treatment of an illness or 
repair of damage. Professionally, executives are constantly faced with problems of 
many varieties and to solve them decisions must be made. Even if a decision that 
might solve a problem is avoided and no action is taken, that itself is a decision 
(Baird; 1989, Holloway; 1979). 
The best way to judge the competence of any executive is by the quality of decisions 
made in complex situations when faced with uncertainty. When problems are 
complicated by uncertainty, gathering information, assessing consequences and 
making a choice are also complicated. Therefore complications from uncertainty 
extend to all phases of the decision-making process. 
A comprehensive treatment of decision making under uncertainty has been reported 
(Holloway, 1979). The analytical process, as shown in Figure 9.1, is separated into 
two parts: Models and Choices. Models provide descriptions of decision problems. 
When uncertainty is present, these models use the theory of probability. Once the 
decision problem has been modelled, a choice must be made. 
I Uncertainty I 
Complex Decision 
Problems 
Model of the 
Decision Problem 
Methods of Choosing 
among Alternatives 
Figure 9.1 - Analytical process of decision making under uncertainty. 
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Probabilities distinguish decision models under uncertainty from other models and 
also are required to complete the description of the uncertain events. Probability 
information is displayed by probability distribution. A probability distribution can 
also be displayed using a cumulative distribution. 
9.5 Random Variables and Classifications 
In some works dealing with probability and its applications, the terms "random 
variable" and "uncertain quality" are used synonymously. A random variable takes on 
value; thus the random variable is not itself a value but a function whose numerical 
values correspond to experimental outcomes. Perhaps the concept of random variable 
would be more comprehensible if it were termed a random function, but this would be 
at odds with the convention now well established in the literature of probability theory 
and applications. It is most important to note that the uncertainty exists in the mind of 
the decision maker who must deal with the random variable (Baird; 1989, Holloway; 
1979). 
Random variables might be classified into discrete and continuous values. If the 
outcomes may occur in an infinite or countable number of ways, the term attributes is 
frequently used. If the random variable under consideration is described in terms of 
attributes, a limited number of discrete values is possible. Therefore, a discrete 
random variable can assume a countable number of values. 
A random variable that is discrete may assume a "countably infinite" number of 
values and still be a discrete variable. For exaniple, if a damaged column in a concrete 
structure is considered until the corrosion appears, what are the possible values of 
random variable "numbers of distress until corrosion appears"? Therefore, it must be 
recognised that the values may at times also be a series that is infinite but countable if 
the count could be continued indefinitely. 
Observations may also be measured in terms of continuous values such as time or 
volume. How long does a particular damage occur in a component of a structure? 
Obviously the answer to this question could be one of an infinite number of values 
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limited only by our ability to measure very small fractions or very lengthy periods of 
elapsed time. Therefore, a continuous random variable may assume any value in the 
interval between any other two values of the variable. 
Using probability for the improvement of decision making, both concepts (discrete 
and continuous) are important. The differences between discrete and continuous 
random variables are cruqial because the probability model is different for each. For 
instance, the sum of probabilities which may be assigned to the various possible 
values of a discrete random variable is one, whereas if two values of the continuous 
random variable are specified, it is not possible to count the number of values in the 
interval between the specified values. Clearly, this makes it impossible to define a 
probability for each value assumed by the continuous random variable because there 
would also exist an uncountable infinite number of these probabilities. Therefore, 
instead of specific probabilities to be associated with specific values of the variable, a 
probability density function is described. In some situations it might be interesting to 
compute the cumulative distribution function of random variables which describe the 
probability of some specific values (Baird; 1989, Holloway; 1979). 
There exist several very useful models of probability in the real world. The binomial, 
Poisson, hypergeometric, normal and exponential distributions are examples of 
theoretical distributions used in a large numbers of decision situations. The Poisson 
and exponential distribution functions are briefly described in the following sections. 
9.5.1 The Poisson Distribution 
A famous and useful family of the theoretical discrete probability distribution is the 
Poisson. This distribution is particularly useful in describing the distribution of 
number of occurrences per unit of volume, area, or time in cases where the average 
number of occurrences is small. Examples include distresses per component of a 
concrete structure, failures of machine in a large manufacturing plant containing many 
such machines, and the numbers of toxic organism in a large volume of fluid. The 
Poisson probability distribution is described by the function (Baird, 1989): 
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p(x) -eX (9-5) 
x! 
where X= random variable, 
P(X) = probability of exactly X occurrence, 
a constant equal to 2.71828, 
X= average (mean) number of occurrences of X per unit of 
measurement. 
For some fixed value x, it needs to be computed the probability that the observed 
value of X will be'at most x. The cumulative distribution function (cdf) F(x) of a 
discrete random variable X gives, for every specified number x, the probability 
P(X-<x). The cumulative distribution function provides the same information as the 
density function, and one can be derived from the other. rt is calculated by summing 
the probability mass function p(y) over all possible values y satisfying y<x using the 
relationship (Devore; 1995, Holloway; 1979): 
F(x) = P(X<-x) p(y) (9-6) 
Y. Y-I. X 
9.5.2 The Exponential Distribution 
Another random variable associated with a Poisson process is the time from one event 
to the next one. This is a continuous variable whose distribution can be obtained with 
the aid of the Poisson formula. Therefore, the Poisson distribution may be used to 
estimate the probability of X occurrences during an interval of measurement. During a 
production run of one week, what is the probability of exactly 100 defect? During a 
service life of a structure, what is the probability of exactly six distresses appearing in 
the structure? The occurrences assume integer values over some unit of measurement 
such as volume, area or time. In the cases above, the distribution of the unit of 
measurement, which is occurrences per unit of time, is discrete. Suppose that the 
questions were reversed. What length of time elapsed between occurrences? Time is 
continuous and if the process generating occurrences is Poisson in nature, the 
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exponential distribution is appropriate in this case and is characterized by the function 
(Baird, 1989): 
f(t) =X e-" (9-7) 
where t amount of time elapsing before the exact occurrence, 
e constant, 2.71828, 
X mean of the related Poisson process, 
f(t) = frequency (density) of t, 
X and t are positive. 
The cumulative distribution function of a continuous random variable gives the same 
probability P(X-<x) and is obtained by integrating the probability distribution function 
f(y) between the limits - oo and x, thus: 
F(x) = P(X<-x) f(y)dy (9-8) 
where for each x, F(x) is the area under the density curve to the left of x (Devore, 
1995). 
9.5.3 Expected Values of Random Variables 
Frequently, in decision situations, the mean or central tendency of random variables is 
of interest. This is called the mathematical expectation of the random variable or its 
expected value. To compute expected value, the values of the random variables and 
the probability that each value will occur must be determined. 
The mathematical definition of expected value of a discrete random variable is (Baird, 
1989): 
R 
E(X) =1 Xi P(Xi) = XI P(X1) + X2 P(X2) +---+ Xn P(Xn) (9-9) 
i-1 
where E(X) = expected value of the random variable X, 
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xi = ith value of the random variable X, 
P(xi) = probability of the ith value of X, 
summation of all values of the variable for i=1 to i=n. 
To compute the expected value for a continuous random variable, it is summed by 
integration and the probability mass function (pmo by the probability density function 
(pdf) to get a continuous weighted average. Thus: 
E(X) x. f(x)dx (9-10) 
where the pdf f(x) is specified as a model for distribution of values in a numerical 
population (Devore, 1995). 
9.6 Modelling Variability and Simulation 
Civil engineers have always had to deal with uncertainty, but they are now expected 
to do so in more accountable ways. Probability theory provides a mathematical 
description of random variation and enables the user to make realistic risk 
assessments. Statistics is the analysis of data, and the subsequent filling of probability 
models. 
Simulation is used to define the performance of public transport systems, to 
investigate the efficiency of control rules for reservoir releases, to examine the 
response of structures to extreme events and to investigate the propagation of cracks 
in offshore structures by structural engineers. The advantages over theoretical results 
are that simulation can be used in complex situations for which appropriate formulas 
are not known. The disadvantage is that simulation is far less convenient than an 
algebraic formula (Metcalfe, 1997). 
Situations have been considered in which observations are made over a period of time 
and that are influenced by chance or random effects, not just at a single instant but . 
throughout the entire interval of time or the sequence of times that are being 
considered. This situation is termed a stochastic process. A stochastic process is a 
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phenomenon that varies to some degree unpredictably as time goes on. A point 
process is a continuous time model for a stochastic process in which events occur at 
point in time. The simplest example is a Poisson process, which is characterized by 
the Markov property. That is, the probability of an occurrence in the next interval, of 
arbitrary length, is independent of the time of the last occurrence and of the entire 
history of the process (Metcalfe; 1997, Clarke; 1970). 
9.7 Generating a Model for Concrete Distress -Simulation 
(Multiple 
Distresses) 
In the simplest form of model for concrete distress simulation, symptoms of distress 
which can be a sign of the damage of concrete, occur as a Poisson process with a rate 
of X per unit of time (Figure 9.2-a). Each symptom has a random number (C) of 
causes associated with it (Figure 9.2-b). For example, longitudinal cracking might be 
owing to corrosion of reinforcing bar, plastic or drying shrinkage, Alkali-Aggregate 
Reactivity (AAR) or frost attack. Also in the case of the scaling and disintegration of 
a surface, it might be in association with freezing and thawing, sulphate and chloride 
attack, unsuitable construction method and frost attack. The number of causes is 
generated via a Poisson distribution, specifically (C-1) is a Poisson random variable 
with a mean of (v-1). The_ reason for modelling (C-1), rather than C, as a Poisson 
random variable is to ensure that all symptoms have cause. The parameter v is the 
average number of causes per symptom. 
The waiting times from the symptom to the causes are exponential random variables. 
In Figure 9.2-c the causes are assumed rectangular and their size depends on duration 
and intensity. Therefore, the duration and intensity of each cause are modelled as 
exponential random variable distributions with a mean of Y? 7 and 
X per unit of 
time, respectively. The total intensity (Figure 9.2-d) at any point in time is the sum of 
the intensities of all active causes at that point and is calculated by cumulative 
distribution function. 
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Longitudinal Scaling and Joint Related Diagonal 
Cracking Disintegration Spalling Cracking 
(a) 
Time, 
Time 
Intensity 
(c) 
T 
Int( 
(d) 
A Mir. 
0 
Symptom Cause 
Figure 9.2- A schematic representation of the concrete distress model. 
The parameters of the model should be estimated from past records and simulation of 
concrete distress needs random numbers from Poisson distribution. In the case of the 
evaluation of concrete, because there are always no past records available, the 
intensity of each symptom (or value of the random variable) should be estimated by 
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defining a set of criteria such as width and depth of crack and surface appearance. The 
criteria and also the probability of the value which influences concrete integrity and 
serviceability could be detennined by visual inspection and engineering knowledge, 
judgement and experience. 
9.8 Evaluation of Concrete (ECOn in a Concrete Structure 
A thorough and logical evaluation of the current state of the concrete in a structure is 
the first step of any repair or rehabilitation work. Therefore, a visual inspection of the 
exposed concrete is the first step in an in-situ examination of a structure. The purpose 
of such an examination is to locate and define areas of distress or deterioration. A 
condition survey will usually include a mapping of the various types of concrete 
deficiencies that might be found such as cracking, surface problems (disintegration 
and spalling) and joint deterioration. 
It is important that the conditions observed be described in unambiguous terms that 
can be used in the evaluation of the current condition of the structure to be able to take 
engineering and management actions for the repair and maintenance of the structure. 
Terms typically used during a visual inspection are listed in Figure 9.3. This 
information is included for determining the Deduct Values and for producing the 
confidence level (CL) in ECON program for a good inspection, analysis and 
evaluation. 
The evaluation management interface for evaluation of concrete (ECON) is a Visual 
Basic interface shown in Figure 6.6 which is structured with three different objects as 
cracking, scaling and disintegration and spalling and delamination. The user can 
obtain assistance from the REPCON database of pictures alongside the descriptive 
information attached to each type of distress. Visual information (photographs and 
drawings) such as the one shown in Figure 9.4 enhance the interpretation of results 
and can often describe failure modes for materials and structures. 
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9.9 The Confidence Level for the Evaluation of Concrete (ECQN) 
One objective of an Evaluation Management System (EMS) is to create assessinciit 
procedures that xvill allow the current condition of the structure, and its componclits to 
be expressed nurnerically to take the best recommended action in the repair and 
maintenance management. The criteria for the evaluation of' a concrete StI-UCtLII-e al-C 
shown in Table 9.1. 
Once the condition of the structure is understood and documented, tile next step In tile 
maintenance inanagement process is to ini I ion to correct unsatisfactory acti I 
conditions and to begin planning for future maintenance and repair needs. For tills 
purpose, a quantitative rating system for the condition of concrete Ill a structure would 
make possible the determination of which components within a Structure MOSt Illerit 
repair. The Evaluation Confidence Level (ECL) extends fi-on-i 0 to too, with 0 
representing Vety Poor condition and 100 representing Eveellent condition. The 
Confidence Level (CL) is divided into Minor, Motlerate and Meiior zones. ill the 
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minor zone (85-100), condition and function are generally at a level at which only 
periodic investigation and/or possible protection is needed. Structures falling in the 
moderate zone (50-70) show Good and Fair conditions for which the most potential 
for maintenance and repair alternatives typically exist. The conditions of Poor and 
Very Poor in major zone (0-30) are enough to warrant immediate attention and to 
recommended a safety evaluation. 
Table 9.1 - The Confidence Level (CL) for the Evaluation of Concrete (ECON) 
structure. 
Zone Confidence 
Level (CL) 
95-100 
Minor 
85-94 
70-84 
Moderate 
50-69 
30-49 
Major 
0-29 
Description 
Excellent: No notii 
impairments. 
Very Good: Barely 
noticeable impairments. 
Some ageing or dusting may 
be visible. 
Good: Clearly noticeable 
impairments. Only minor 
defect, damage and 
deterioration are evident. 
Fair: Moderate impairments. 
Some defect, damage and 
deterioration are evident, but 
concrete remains serviceable. 
Poor: Severe impairments in 
at least some major 
components of the structure 
have been occurred. Concrete 
remains serviceable. 
Very Poor: Very severe and 
extensive impairments in 
most components of the 
structure. General failure or a 
complete failure of structural 
components. 
Recommended 
Action 
Prompt action is not 
required, but periodic 
investigation is 
recommended. In some 
cases, protection might 
be needed. 
and economic analysis 
of repair alternatives are 
recommended. In some 
cases, appropriate repair 
and protection methods 
will be needed. 
Detailed investigation 
and an engineering 
evaluation should be 
made to determine the 
demand for repair, 
replacement 
strengthening and 
stabilisation. Safety 
evaluation is 
recommended. 
The Confidence Level (CL) prescribed here applies to concrete structures in general. 
The rating system described allows the Confidence Level to be determined by visual 
inspection using limited equipment such as binocular, covermeter and ruler. Values in 
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each parts of progressing are properly interpreted as representing the current 
conditions found at the time the structure was inspected and rated. The rating is 
related to structural integrity and serviceability of the structure. The Confidence Level 
system is not intended to replace the detailed investigation needed to fully document 
structural deficiencies, to identify their causes and to formulate plans for correcting 
them. An extended investigation comprising detailed investigation and analysis, and 
engineering evaluation should be made when the Confidence Level is less than 50. 
One of the main uses of Confidence Level (CL) values is to track changes in condition 
over time, as illustrated in Figure 9.5. With historical trends and knowledge of the 
structure enviromnent, future rates of impairment may be estimated and used to plan 
the timing of repairs and corresponding maintenance -expenditure. 
Confidence Level (CL) 
100 see . ................. a ...... N. 4 ... 
Mli or e MAINTENANCE POLICY 
...... ............ .......... @assesses sessess. 6998, 
go- 
. 14%. so- AINTENANCEN, 
POLICY 
%I Moderate %2 70- 
zo I Zone 
N, 
%I %I 
60- 
sees '*"*'* ...... *"** ..... * ........... 
........... ..................... ...... llý .......... 50 V 
ACTUAL VSTIMATED 
40- 
30- Major 
Zone CURKLNI 
20- YEAR 
10- 
0 
u 10 20 30 40 50 
Time (Year) 
Figure 9.5 - Using Confidence Level (CL) values to track condition changes over 
time (Oliver, 1998). 
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9.10 Development of Deduct Values for Various Distresses in 
Concrete Structures 
Confidence Level (CL) is developed by assigning specific Deduct Values to various 
types of distress in the concrete. These types of distress are defined in Section 9.8 by 
making a visual inspection of concrete in service. Primary Deduct Values are 
determined with the intent of obtaining a CL of 50 when the severity of an individual 
distress caused the safety of the structure to become questionable i. e. 50 is the critical 
value below which failure occurs. Deduct Values are subtracted from 100 to 
determine the Confidence Level (CL). The exact calculated Confidence Level from 
Deduct Values is determined by collecting subjective expert ratings based on the 
condition described in Table 9.1. The system is designed to be independent of the 
inspectors. However a combination of the field approach and experience with 
different inspectors in determining the Confidence Level will influence the quality of 
their decision. Therefore, a variation of ±10 in the Confidence Level for a structure 
component can be expected. 
The Deduct Value is determined by visual inspection and by recording the 
information needed in the field inspection. The inspection and condition assessment 
procedure for determining Deduct Values is based on simple visual inspection 
techniques. If the condition of the structure being inspected is severely damaged i. e. a 
Confidence Level of below 50 more detailed investigation and engineering evaluation 
should be made. 
The field inspection generates, data for input to the PC-based REPCON Management 
System for evaluation of the current state of the structure. The REPCON Management 
System typically comprises modules such as preliminary inspection, inventory and 
review of existing documents to allow the user to take engineering and management 
decisions and to undertake a comprehensive investigation and condition survey. 
Review of existing documents such as construction or as-built drawings of the 
structure are necessary to determine such factors as physical dimensions and 
reinforcing details which are needed for the inspection. Some of the required 
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information is not used directly in producing Confidence Level (CL) values but is 
considered necessary for a good inspection, analysis, and evaluation. 
9.11 Distress Categlories and Deduct Values 
Deduct Values for various distress categories that tend to result in cracking in 
concrete, disintegration and scaling, spalling and delarnination are shown in Tables 
9.2 to 9.6. An inspector should be familiar with the types of distress before 
performing an inspection to determine the Deduct Value. Deduct Values are based on 
considering previous works done and the author's opinion and experience. They 
involve two considerations: 
(1) The knowledge and experience of expert engineers in the safety of the structure 
which has been degraded by various types of distress, and 
(2) Serviceability of the structure. 
9.11.1 Crackin2 in Concrete 
A number of crack categories are provided including individual cracks such as 
longitudinal, transverse, diagonal and random, and such pattern cracking as crazing, 
D-cracking and map cracking. Deduct Values for crack categories shown in Table 9.2 
are dependent on crack width and depth. By comparing ACI (1996), BSI (1997) and 
RILEM (1994) reports with U. S. Army Corps of Engineers (1995), crack width is 
classified into Very Fine (< 0.25 mm), Fine (0.25 - 1.0 mm), Medium (1.0 - 2.0 mm), 
and Wide (> 2.0 mm). The three categories generally used to describe the depth of 
cracking are Surface and Shallow (up to 10 mm), Deep (10 - 20 mm) and Through (> 
20 mm). This category is based on the author's research, the U. S. Army Corps of 
Engineers recommendations (1995) and the size of coarse aggregates (19 - 25 mm) 
used in the concrete. 
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Table 9.2 - Deduct values for cracking in concrete structures. 
Deduct Value 
Surface Typeof Depth of Width of Crack 
Appearance Crack Crack* Very Fine Fine Medium Wide 
< 0.25 mm 0.25-1 mm I-2 mm >2 mm 
Surface 5 10 
Crazing and 
Shallow 
Surface 5 10 
and 
Shallow 
D-Cracking Deep 10 
- 
20 30 40 
Pattern Through [ 15 30 40 50 
Surface 5 10 20 30 
and 
Shallow 
Map Deep 10 20 30 40 
Cracking I I 
Through 15 30 40 50 
Surface 5 10 20 30 
and 
Shallow 
Longitudinal Deep 10 20 30 40 
Through 20 30 50 1 70 
Surface 2 5 10 15 
and - Shallow 
Transverse Deep 5 10 15 30 
Through 10 15 25 40 
Individual Surface 10 20 30 40 
and 
Shallow 
Diagonal Deep 15 30 40 60 
Through 20 1 40 60 1 80 
Surface 5 10 20 30 
and 
Shallow 
Random Deep 10 20 30 ýO 
, 
Through 15 25 40 1 60 
* Depth of Crack: Surface and Shallow (up to 10 mm), Deep (10 -20 mm), Through (> 20 mm) 
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9.11.2 Types of Surface Distress 
Surface distress is categorized into disintegration, scaling, spalling and delamination. 
A number of concrete surface-loss modes such as those shown in Tables 9.3 to 9.5 is 
listed including scaling, dusting, honeycombing, wear and erosion, surface 
discolouration. and scaling along cracking. A number of concrete volume-loss 
categories shown in Table 9.6 is provided comprising spalling, popouts and pitting, 
joint related spalling and spalling caused by corrosion. Descriptions of surface 
appearance are provided by comparing ACI (1996), BSI (1997) and RILEM (1994) 
reports with the U. S. Army Corps of Engineers results (1995). Deduct Values depend 
on estimated depth, extent and exposure of coarse aggregates. 
Table 9.3 - Deduct Values for Textural Features of Surface of Concrete. 
Type of Distress Rating Description 
(Surface Appearance) 
Deduct 
Value 
Slightly Noticeable surface rust staining 10 
Rust Stain Severe Surface rust staining along with 
cracking 
15 
Very Slightly Barely noticeable surface discoloration 2 
Slightly Noticeable surface efflorescence 5 
Leakage and Moderate Surface material less than 10 mm. thick 10 
Deposits Severe 
- 
Surface material more than 10 mm 
thick 
- 
15 
Very Severe 
[ Tiýlace material along with stalactite 20 
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Table 9.4 - Deduct values for scaling and disintegration in surface of concrete. 
Type of Distress Rating Description 
(Surface Appearance) 
Deduct 
Value 
Very Slightly Noticeable 5 
Slightly Loss of surface mortar, no exposure 
of coarse aggregate 
10 
Moderate Loss of surface mortar up to 5 to 10 
mrn in depth, exposure of coarse 
aggregate 
20 
Scaling 
Severe 
Loss of surface mortar 5 to 10 mm. in 
depth with some loss of mortar 
surrounding aggregate particles 10 to 
20 mm in depth 
30 
Very Severe Loss of coarse aggregate particles as 
well as surface mortar surrounding 
aggregate, generally to a depth 
greater than 20 mm 
50 
Very Slightly Barely noticeable 2 
Slightly Noticeable 5 
Small Holes up to 10 mm in diameter 10 
Honeycombing Medium Holes between 10 to 50 mm in 
diameter 
20 
Large Holes greater than 50 mm. in 
diameter 
30 
Dusting Slightly Any area 5 
Severe More than 50% of area 10 
Very Slightly 2 
Slightly 5 
Wear and Erosion 
(Abrasion) 
Moderate The same as Scaling 10 
Severe 20 
Very Severe 30 
Very Slightly 5 
Slightly 10 
Wear and Erosion 
(Cavitation) 
Moderate The same as Scaling 20 
Severe 40 
Very Severe 60 
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Table 9.5 - Deduct values for scaling and disintegration along with cracking in 
surface of concrete. 
Type of Distress Rating Description Deduct 
(Surface Appearance) Value 
Slightly Less than 25% of area with fine 5 
cracks 
Caused by Frost Moderate More than 25% and less than 50% 10 
Attack of area with medium cracks 
(D-Cracking) Severe More than 50% of area with wide 30 
cracks 
_Very 
Slightly Noticeable 5 
Slightly Loss of surface mortar with very 15 
fine cracks, no exposure of coarse 
aggregate 
Moderate Loss of surface mortar up to 5 to 25 
10 mm in depth with fine map 
cracks, exposure of coarse 
aggregate 
Caused by Loss of surface mortar 5 to 10 mm 40 
Chemical Attack Severe in depth with some loss of mortar 
(Sulphate, surrounding aggregate particles 10 
to 20 mm in depth along with 
medium map cracks 
Very Severe Loss of coarse aggregate particles 60 
as well as surface mortar 
surrounding aggregate, generally 
to a depth greater than 20 mm 
along with wide map cracks 
Caused by The same as Thesame 
Freezing and chemical The same as scaling as scaling 
Thawing attack 
9.12 Calculation of the Component Conridence Level (CCL) 
Once the distress modes in each component of the structure to be rated are 
determined, the Component Confidence Level (CCL) can be calculated. By inputting 
the distress types into the REPCON Management System software, hand calculation 
of Deduct Values and the Confidence Level (CL) can be avoided. By considering 
previous work done, generating a model for concrete distress simulation (Section 9.7) 
and the author's experience and knowledge, the following formula, which was 
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recommended by Bullock et al. (1995), is used for calculating the Component 
Confidence Level (CCL). 
CCL = 100 - [1.0(DVI) + 0.4(DV2) + 0.2(DV3) + 0.15(DV4) + O. I(DV5)] . (9-11) 
Table 9.6 - Deduct Values for Spalling and Delamination in Surface of Concrete. 
Type of Distress Rating Description Deduct Value 
(Surface Appearance) 
Very Slightly Barely noticeable 5 
Slightly Clearly noticeable 10 
Moderate Holes larger than popouts 20 
Not greater than 20 mm in 30 
Spalling Severe depth nor greater than 150 mrn 
in any dimension 
Very Severe Deeper than 20 mm and greater 50 
than 150 mm in any dimension 
Very Slightly Barely noticeable 2 
Slightly Noticeable 5 
Small Holes up to 10 mm in diameter 10 
Popouts and Medium Holes between 10 to 50 mrn in 20 
Pitting diameter 
Large Holes greater than 50 mm in 30 
diameter 
Spalling Caused Slightly Any area 30 
by Corrosion Severe More than 50% of area 60 
Very Slightly Less than 0.6 m long and 0.1 m 2 
wide - no loose pieces 
Slightly As above - pieces loose or 5 
missing 
Joint Related Moderate More than 0.6 m long - broken 10 
Spalling into pieces more than 0.1 m 
wide 
Severe As above - large pieces 20 
missing 
Very Severe As above but on both sides of 30 
joint or cracks 
The Component Confidence Level (CCL) is based on the five largest deduct values 
(DV), with DVI the largest value and other values in descending order to the fifth 
largest, DV5. Table 9.7 shows an example of how the Component Confidence Level 
(CCL) for a component (such as beam or column) has been calculated. 
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Table 9.7 - Example of calculation of the CCL for a component. 
Step 1: Inspect component to determine distresses and quantities. 
Step 2: Calculate Deduct Values for each distress. 
ý Step 3: Rank the Deduct Values in descending order to the smallest. Only the five 
largest are used in the Component Confidence Level (CCL) calculation. 
Distress and Quantity 
(Step 1) 
Deduct Value 
(Step 2) 
Rank 
(Step 3) 
I- Map cracking, deep and 2 mm wide 30 DVI 
2- Leakage and deposit, slightly 10 DV5 
3- Dusting, slightly 5 
4- Rust staining, severe 15 DW 
5- Transverse crack, through and 2 mm. wide 25 DV2 
6- Popouts, medium 20 DV3 
Step 4: Calculate the CCL based on the raniced Deduct Values: 
CCL = 100 - [1.0(DVI) + 0.4(DV2) 
+ 0.2(DV3) + 0.15(DV4) + 0.1 (DV5)] 
CCL= 100- [1.0(30) +0.4(25) +0.2(20) +0.15(15) + 0. j(10)] = 52.75 
The CCL is 53 which is Fair (Table 9.1). 
To determine a component confidence level (CCL) by ECON program, the type of 
information and observations needed to be entered such as the one shown in Figure 
9.4 and finally the calculation confidence level for each component is done. Figure 
9.6 illustrates the CCL for a bridge deckslab as calculated in Table 9.7. 
After identifying the Deduct Value for each distress of a component and determining 
the confidence level for each component of a structure, the confidence level of 
structural components is included in a format such as the one shown in Figure 9.7. 
Ch a pter 9 -Condition and Performance Rating Procedurcs for Ili eI ý\a I untion oH )ctmoimcd Conocic 
m -1 ý Vp I ! V-I=l - E4. 
- ____ 
ý (_F_1 
I Calculatmg the Deduct Value and Confidence Laval of Comporiant 
structure Type : I- ý, I Date of Evaluation 
Component Type 11, ecksiab ýomponent Number; F- 
Distress Type 1C. T-err Crack in) Sympt. MTYP.: Fpcracý 9 
DeductValue IN L14LIJCh. k- irro-; tn view other Components' bmuct wlijo 
- 
r., k, kb 112 
md Ofiýq 
liwouts 
P 
Confidence Level (CL) F5 3 
IDescription of Coýdition FAIR : Moderate impairments. Some defect, damage and d0criorution 
are evident. but concrete remains serviceable. Clo'ýO 
Recommended ýZtion . 
Uctailed investigation and economic analysis of repair alternatives ore 
recommended. In soma cases, appropriate repair and protaction methods will ba 
necded. 
u re 9.6 -Asc re ciidLi ni pofcaIcii 
la tIc, iio I' tIicra 1) rI (h, cd cc ks1,11) ý is Ii 
in Table 9.7 by ECON program. 
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9.13 Summary 
The most effective means of preserving concrete surfaces is the implementation of a 
comprehensive maintenance program. The general intent of the REPCON 
management system is to provide maintenance managers with tools to promote easier 
and more effective maintenance and repair of concrete structures. This Chapter 
contains an inspection procedure and rating method for evaluating the physical 
condition and p erformance of concrete structures. The inspection and rating 
procedures described in this Chapter have intentionally been kept as simple as 
possible. The inspections require only simple tools such as a tape measure, dial gauge, 
covermeter and ruler. The tools and the inspection procedures are relatively simple 
but preparation for an inspection is not always as simple because there are several 
types of distress such as corrosion and wear that require several types of 
measurement. 
Once the data is obtained software has been developed to compute the confidence 
level (CL) directly from the inspection records. The CL is a numbered scale from 0 to 
100 that indicates the current state of the structure. Confidence levels below 50 
indicate that immediate repair may be necessary or possibly that a more detailed 
inspection and analysis is required. 
Several types of distress reduce the confidence level according to rules based on the 
knowledge, experience and opinion of experts. They involve two considerations: (1) 
the knowledge and experience of expert engineers in the safety of category of the 
structure which has been degraded by various distresses, and (2) serviceability of the 
structure. A combined confidence level (CL) for each component is calculated by 
weighting each distress and based on the concrete distress model described in this 
Chapter. Structural considerations are flagged on the confidence level (CL) table on 
the basis of subjective safety. 
'Khahkil, io 
DEMAREC System Evaluation 
10.1 Introduction 
The research presented in this thesis is the development of an application which 
consists of three modules that deal with the gathering of repair of concrete 
information in a database, solving concrete problems with expert system technology 
and the assessment of uncertainty problems in the evaluation of a concrete structure. 
The main implementation part of this application is characterised by: 
> an input and reporting system in the form of a visual edit screen, 
development an expert system using MA as a shell, 
creating a database using Microsoft Access and 
>a performance rating procedure for the evaluation of deteriorated concrete in a 
concrete structure which embodies Visual Basic programming. 
The first part of this Chapter critically evaluates DEMAREC application which is 
examined the virtues and deficiencies of DEMAREC in terms of its usability and 
implementation. The experience gained in implementing DEMAREC reveals several 
insights about the utility and integrity of the system. Then it is followed by the 
evaluation of DEMAREC in its various components comprising the DEMAREC- 
EXPERT system, the REPCON database and the ECON evaluation program. 
The remainder of the Chapter presents the main outputs from this research work and 
validates the system through three case studies. In these case studies, it is shown that 
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the results of this research could have been used to enhance the process of 
determining the causes of failure and in selecting the repair methods. 
10.2 Knowledc-Te-Ba-sed ExiDert Svstems Evaluation 
Knowledge-based expert systems are becoming standard products in engineering 
applications developed by commercial companies to solve various ranges of problem 
(Nouas, 1993). Because of increasing commercial interest and future growth of these 
systems, the reliability of a knowledge-based expert system must be assured before 
employing a system for practical use. Therefore, it is the responsibility of the 
developers to come to grips with the problems of accuracy and reliability. 
Assessing the performance of the system at its decision-making task is one of the 
crucial aspects of the evaluation process. The mechanism for performing the needed 
formal evaluation of knowledge-based systems is provided by verification and 
validation (Gonzalez et al, 1993). Verification confirms that the system is correctly 
implemented. It consists of two basic processes; checking for compliance with the 
specification and checking for the consistency and completeness of the knowledge 
base (i. e. syntactic and semantic errors). When verifying a knowledge-based system 
both the inference engine and the knowledge base must be considered. 
The system validation is performed in collaboration with the domain knowledge. It 
ensures that the domain knowledge is correct and the system solves problems within 
the domain correctly and accurately. The critical criteria to consider in validating the 
system knowledge base are the correctness and the accuracy of the system output, the 
correctness of the reasoning techniques and the sensitivity, the reliability and the 
robustness of the knowledge base. Although the inference engine is an important 
component of the system, it is presumed that because a commercial shell was used in 
this research, the inference engine has already been validated and verified by its 
developers. 
The performance evaluation of the knowledge-based systems in most prototype 
systems is focused on the problem-solving processes. A knowledge-based system 
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should be easy to use so that the user concentrates on solving the problem at hand. 
Leamability and clarity are both functions of the ease of use requirement and 
influence the efficiency with which the system is deployed (Anumba, 1994). 
Concerning the system usability, there is an agreement among developers that 
knowledge-based systems user acceptance can be increased by incorporating end- 
users early in the development process (Nouas, 1993). 
10.2.1 DEMAREC-EXPERT Svstem Evaluation 
This Section is concerned with the evaluation of the DEMAREC-EXPERT system 
which can be described as a two-stage process; 1) initial prototyping and evaluation 
and 2) final evaluation after development. The first stage is verification of the rules in 
the knowledge bases during the development of the system. In this stage the rule 
structure, organisation and knowledge gaps are identified and corrected. This task was 
facilitated by the design approach adopted in developing the system. 
Further evaluation was carried out in the second stage of the evaluation process and 
consisted of the validation of the system output. This procedure was performed by 
synthesising test cases for hypothetical conditions by selecting different types of 
distress. Final modific 
* 
ations required for the rules and procedures were carried out at 
this stage. Finally the system usability was evaluated by the developer. In a 
commercial situation, a customer clinic might be established for this, but within the 
context of academic research, this was judged to be appropriate. 
First Stage - Initial Prototyping Evaluation. 
The prototyping technique uses the flexibility and power of commercially available 
shells to create quickly a working prototype of the envisioned final system. By 
acquiring and representing knowledge from some limited aspects of the problem 
domain, the developer is able to create an initial prototype of the final system. Once 
the initial prototype of the system's knowledge base is developed, the system can be 
continuously evaluated. Subsequent additions, deletions and modifications are known 
as incremental development. 
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The representation technique used in developing the system (see Chapter 8) has 
significantly eased the evaluation task during development. The modelling of the 
knowledge base using diagnostic trees has considerably simplified the task of 
validation of knowledge about domain objects and verifying the code. Indeed, 
knowledge base objects can be tested by simply observing the behaviour of these 
diagnostic trees. 
The initial evaluation of DEMAREC-EXPERT involved verification of the 
knowledge base by the developer where the rules are restructured, reorganised and 
rewritten to eliminate problems with the knowledge base. The syntactic errors in the 
rules were automatically detected by MA as a shell development environment in 
which the developer can view the actions performed by the inference engine. - Tracing 
the inference engine's actions helps the developer to locate where the problems are 
originating. 
The MA development environment offers a number of useful debugging tools to the 
developer during the creation of a knowledge base. Some of the most useful tools are 
as follows: 
> ability to trace the rule evaluation process along with the search path of the 
inference engine, 
> ability to ask why a rule is used and how a value is assigned to a parameter, and 
> an inference monitor window which comprises the events, the reasoning and the 
conclusions windows. Inference monitor windows are used for monitoring the 
operations of the inference engine as it steps through the knowledge base. 
Expert system developers can observe the entire rule evaluation process 
simultaneously with the inference engine by the monitoring of rules at run time under 
the MA development environment. First, MA identifies the rules which conclude the 
goal parameter. Until the goal parameter is completely established, the identified rules 
are individually evaluated in a sequence in which the inference engine locates them. 
The developer reviews the sequence list and makes necessary corrections to the rules 
to control the actual order in which the rules are evaluated (Figure 10.1). Setting the 
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correct order of execution enables pruning of the rules by spcedin, Lip the inference I 
engine's nile evalLiation process, so eliminating the unnecessary qLICStIons asked by 
the inference eii, -, Tine. 
F. I, -- EJit 110', Dri. - 
T: ols, Commands Help 
- ---- --------- _[ýý.. itorj Edit I stwl . itl 
if cracki ncr-corriz, -- i on-shr ink, aqe is sought and 
long(cr,: acks rust-stains) and 
message(cracks-corrosion, []) 
corrosion(longitudinal). then cr, -=tcý-, ing _ 2: 38: 22.530. . n, 7, -_king Time: 1- 
e-6: 
if long(cracks_obser7; ed(longitudinal)) 
then cracking_corrosion - shrinkage. rule-6 sucý_ze-eded. Time: i2: 38: 22.530 
i ng Timeý 12: 38: 22.530. 
question(long(cracks - rust-stains)) ['Are the rust stains observed in the surface? ']. 
Tim, - 12 39 2-1 cýil 
tEerSdInt he s 11 rf Why 
Qnknown 
Select: Any item- CIF 
ýConsultation... 
Fi-ure 10.1 - M. 4 dc%c loll mcm CI I \iroimicilt tracin" \%I I Ido\\. 
During the evaluation process, it was possible to check "why" a particular RIIC Was 
not used bv considering the link between the rules within tile knowledge base. This 
tool allows ), 1.4 to display the rLde premise and conclusion as well as the reason for 
considering that partiCLIlar rule. The "why" question can also be used for determining I C) 
why a question is asked during a consultation session (Figure 10.2). Any CITor In I- 
writing the rules can be easily identified in this way and can be corrected accordingly. 
Value assignment to parameters can be verified through the interface-tracing tool. In 
an interface-tracing mechanism, the N/1.4 development environment replies showing 
how the parameter received that particular value by displaying the rule which 
determined the value for that parameter in question. A screen dump of tile M. 4 
development environment using its interface-tracing mechanism is shown in Fil'Ure 
10.3. 
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For rule checking for consistency and completeness, the rule base was structured into 
separate rule sets, each specialising in a particular task. In each task only tile 
corresponding rules are considered by the system. The use of rule sets ii(, )t only 
decreases the work load on the system but also controls the interaction between the 
various rule sets. 
The process of monitoring the inference engine at rLin tinle, as shown in Fl"Ure 10.4, 
is a very powerful means of validating the system. This was a very useful tool foi- tile Z 
developer when many rules are considered by the inference engine and was more 
manageable in the case of rule sets used in the DEMAREC-EXPERT. In addition, tile 
developer can change the responses to tile questions which are listed by the 
monitoring tool for evaluation purposes. By changing the responses to the questions, 
the developer can verify the rules that would not have been used during, the eValliatIOn 
process. The initial prototyping evaluation is concluded when no rules are detectcd to 
have problems and no more incorrect sugguestions are given by DEMAREC-EXPEwr. 
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Second Stage - Final Evalitation after Development. 
One of the characteristics of the knowledge domain is that no external experts in the 
repair of concrete domain were used in the validation process. The only experts who 
were available to validate the system results were those involved in the development 
of the system. 
The final performance evaluation of the system was validated by three case studies 
shown in Sections 10.5 through 10.7. These case studies are examples of actual cases 
of concrete diagnosis and repair and of already stated in the literature. The system 
output was then compared the diagnosis and remedy obtained through DEMAREC- 
EXPERT system and the diagnosis and remedy actually used. 
10.3 REPCON Database Evaluation 
The evaluation and validation of the REPCON database in comparison with previous 
work carried out in the field of the repair of concrete structures is a very difficult task. 
This is because databases such as that used in COBDA (Cabrera ct al, 1995) are used 
as record keeping database in order to provide a link between the theoretical 
knowledge and visual inspection information for statistical and modelling analysis. 
Only part of the REPCON database could be validated against the repair material 
database called REMR (U. S. Army Corps, 1992). The REMR maintenance and repair 
materials database is designed for information gathering purposes only and' is 
developed to provide technology transfer of results from evaluations of commercial 
repair products and their use for specific applications performed by the U. S. Army 
Corps of Engineers. It is also developed to give the users in the field a place to find 
answers to their questions about what might be the best product for their specific 
needs. The database contains manufacturer's information on uses, application 
procedures, limitations and technical data for approximately 1860 commercially 
available repair products. 
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The REMR database is menu driven and has help windows to facilitate its use. The 
products in the database are identified as either end-use or additive. An end-use 
product is a material that is used as purchased to make a repair, whereas an additive 
product is a material used in combination with other materials to produce an end-use 
product. The end-use product portion of the database contains products for 
maintenance and repair of concrete, steel or both. The additive product portion of the 
database contains products that are Portland-cement admixture, binders, fibres or 
special filler materials. 
Emphasis was placed on comparing the information transfer of data in repair materials 
and methods. This comparison confinned that the system (REPCON database) 
perfonnance was good. 
The fmal performance evaluation of the database was validated in two ways. First, 
hypothetical conditions synthesised by the developer were used the way in which a 
user interacts with REPair of CONcrete (REPCON) database by way of a brief 
example. Second, it is described the detail of a case study which illustrates the 
innovation features built into the educational and evolution modes of the REPCON 
management system. 
10.3.1 Brief Example 
As shown in Figure 10.5, any user can use the original database by reviewing the 
existing documents or retrieving data from database (For example about shrinkage 
cracking) and choose the suitable repair methods and materials along with durability 
recommendations. Then this user could go back to the system and contribute the new 
knowledge. By the using self-assessment process the competence of the user can be 
assessed e. g. as Experienced Generalist who might be an expert person in related 
subject but seeking to transfer his expertise. So this user can contribute the new 
knowledge in the Appendix database. Then another user which has been assessed as 
an Expert who can see the Original and Appendix databases and can add the new data 
to both of them. This expert person might use the system to take that data, which was 
added by Experienced Generalist, out of the Appendix and put it in the Original 
database as an accepted information. Because of advancements in concrete repair and 
Chapter 10 - DEMAREC System Evaluation 223 
evolving the system, another Liser as second Expert 10 years later WOUld relegate that 
data to Appendix or somewhere else when it has been superseded. This is the main 
innovative feature which is bUllt into the REPCON managemei-it system. 
10.3.2 Case Sttidv 
This is a data life cycle case study which represents the REPair of CONcrete 
(REPCON) database from the user's perspective. In this case study the way in which a 
user interacts with navigation, assessment, adding and relegation of data is explained 
and illustrated the innovative features built into it. 
Figure 10.6: 
In the first mode of application, EDUCATION, system in year 2001 contains 
information about concrete distresses, investic-Ption and diaposis problems, repair 
materials and methods and recommendations in durability. It is envisioned that the 
system in year 2002 used by a number of users with different levels of ability from 
expert to novice. 
1 1.4 [1 It at I,, Ill'IMlocilicilt svstclll. 
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Figures 10.7 through 10.9: 
The integration of pictures and descriptive information makes problem solving easier 
and can allow a better understanding of the repair of concrete problems, particularly 
for novices, trainees (Figures 10.7 and 10.8). The NDT information (Figure 10.9) is 
important for experienced generalists and standard practitioners who have some 
experience in the subject. 
Figure 10.10: 
Information regarding maintenance and durability of concrete is very useful for 
structural and construction engineers and users who may be conducting research on 
developing preliminary strategies. 
Figure 10.11: 
The modular REPCON management system allows the user to retrieve any 
information (For example shrinkage cracking) from the database including combined 0 
pictures and descriptive infonnation. 
Fi(, ),, ures 10.12 and 10.13: ft 
It is anticipated that the number of users in year 2005 and 2010 will increase and the 
system should encourage the more rapid development of knowledge and experience 
for users with lower levels of ability. 
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understanding, of concrete problems. 
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database. 
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Figure 10.14: 
The primary objective of the EVOLUTION mode of application is to allow the user to 
contribute experience and knowledge to the database thereby evolving the system. It 
is expected that the system with existing documents could be used by a number of 
users in year 2002 whowill contribute new knowledge. A self-assessment process has 
been included in order to assess the competence of the users who wish to contribute 
new data to the system. 
Figures 10.15 and 10.16: ft 
An Expert user can add new data such as those illustrated in Figure 10.15 to the 
Concrete Distress Table of the original database as well as a Specialist who can add 
new data to the Investigation and Diagnosis Table of the Original database (Figure 
10.16). 
Figure 10.17: 
Also, an Experienced Generalist who is seeldng to transfer expertise to the subjects in 
hand can contribute new experience to the Distress Category Table of the Appendix 
database. 
Figure 10.18: 
By allowing new data to be added, the system evolves in line with the state of the art 
of concrete repair. 
Figures 10.19 and 10.20: 
An Expert user in year 2003 can use the system to contribute new data to the original 
database and to upgrade data which was contributed by an Experienced Generalist in 
year 2002 from the Appendix data (Figure 10.19) to the original database (Figure 
10.20). 
Figures 10.21 and 10.22: 
Because of advances in concrete repair, another expert user in year 2010 could 
relegate that data to the Appendix or somewhere else when it has been superseded. 
This means that none of the original knowledge remained as the subject matter is 
superseded. Indeed, the existence of the database could accelerate the turnover of 
knowledge. 
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database. 
Figure 10.1 i ncw (1,11,1 DV Ull CXI)CFICIICCCI l'cIICI, 111SL LISCI- 10 HIC ýIJIJICIIUIN 
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by an expert user. 
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Chapter 10 - DEMAREC System Evaluation 2 3,4 
In addition, some special characteristics and pUrposes of the REPCON database cause 
the system performance to be unique. 
These unique characteristics are surnmarised as follows: 
I- It combines pictures and technical data in a way which makes clecisloii zuid 
problem solving easier. I 
I It provides a common forum for C011111ILinication between clients, engincers and 
contractors as well as teclinology transfer of infon-nation. 
It facilitates a better understanding of the repair of concrete technology. 
It allows an experienced user to contribute experience and knowledge to the 
database. By providing a quantitative and consistent means for evaluating both 
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new data and the person contributing it, the confidence level (CL) allows new 
knowledge and experience to be gathered and monitored over time. 
> It is designed to evolve as the concrete repair community interacts with it. This 
system could provide an improved and consistent method for evolving each 
original database and should become a forum for the exchange of expert opinion 
in this field. 
> It helps the knowledge engineer to improve the problem-solving capability of the 
expert system by abstracting knowledge from the database. 
> The success of REPCON could be gauged by a future scenario in which none of 
the original knowledge remained as the subject matter is superseded. Indeed, the 
very existence of REPCON could accelerate the turnover of knowledge. 
> The value of REPCON can be gauged by considering how this acceleration in the 
turnover of knowledge might impact upon all areas of endeavour. 
10.4 Evaluation of Concrete (ECOn Validation 
The performance of ECON in the evaluation of concrete section was compared with 
previous work as described in Chapter 9. Each of the examples of previous work was 
performed for a special type of concrete structure which is surnmarised as follows: 
> Performance Index (PI) in COBDA (Cabrera, 1985) developed for the evaluation 
of the physical condition of concrete bridges. 
> Pavement Condition Index (PCI) described by FAA (1982) used for the evaluation 
of airport pavements. 
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> The Condition Index (CI) procedure developed by Bullock (1995) used for the 
evaluation of concrete retaining walls and spillways. 
> The Condition Index (CI) procedure described by Greimann et al (1995) used for 
the evaluation of concrete dams and lock gates. 
Engineering judgement and experience were needed to develop a set of criteria in 
order to implement a quantitative rating of the overall state of concrete in each of 
these structures using the results of the observation of signs of distress and weighting 
scales based on severity and extent. 
In the ECON program, engineering judgement and the author's knowledge and 
experience are applied to determine Deduct Values (DV) for various distress 
categories and to develop the Confidence Level (CL). In comparison with the cited 
research, the Deduct Values and confidence levels prescribed in ECON program 
apply to concrete structures in general. ECON comprises a powerful user interface by 
providing pictures during run time. A comparison of ECON confidence levels with 
other systems is shown in Table 10.1. 
Table 10.1 -A comparison of ECON confidence level with other systems. 
ECON Bullock & Greimann FAA COBDA 
CL Condition CI Condition PCI Condition PI Condition 
95-100 Excellent 85-100 Excellent 85-100 Excellent 95-100 Very Good 
90-94 Good 
85-94 Very Good 70-84 Very Good 70-84 Very Good 85-89 More or less Good 
70-84 Good 55-69 Fair 
. 
55-69 Good 75-84 Fair 
50-69 Fair 40-54 Marginal 40-54 Fair 65-74 More or less Fair 
30-49 Poor 25-39 Poor 25-39 Poor 50-64 Poor 
10-24 Very Poor 10-24 Very Poor 40-49 Very Poor 
0-29 1 Very Poor 0-9 Failed 0-9 Failed 0-39 Dangerous 
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10.5 Case Study 1- External Paying Project 
In this Project, cracking to the external concrete paving at Unit A, Hams Hall 
currently being used by Tradeteam as a consumer-products distribution centre is 
considered. This is an actual project in which a full investigation was undertaken 
conventionally. In this case study, it is shown that the results of this research could 
have been used to enhance the process of detennining the cause of the failure and in 
selecting the repair method. 
10.5.1 Description of External Pavin 
The Tradeteam external pavement comprises approximately 2600OM2 of 200mm, 
thickness unreinforced C35 concrete slabs installed over 150mm thickness DTp 
Clause 803 granular sub-base material. The concrete is specified to have a cement 
content of 325 K g/M3 ,a maximum free water/cement ratio of 0.55 and a normal 
maximum aggregate size of 20mm. Non of the above is in any way unusual, indeed it 
presents the orthodox specification for external hardstanding slabs. The concrete 
includes polypropylene fibres at the rate of 0.9 K g/m 3 to enhance the durability of the 
concrete and reduce the risk of early age cracking (Knapton, 2001). 
The hardstanding includes an orthogonal pattern of joints at 8m centres as shown in 
Figure 10.23. All joints have been formed (as opposed to induced) i. e. they have been 
cast either against formwork or against the vertical concrete face previously cast. 
Nearly all of the 8m x 8m bays have cracked typically into longitudinal cracks such as 
those shown in Figures 10.23 trough 10.25 (near opening and joint) or into a quart6r6d 
pattern as shown in Figures 10.23,10.26 and 10.27. The cracks are full depth and 
move with moisture and temperature variation. Spalling and general deterioration in 
the slab and near openings and joints is occurring as shown in Figure 10.28. 
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10.5.2 Assessment of Causes of Crackin 
From the pattern of cracking, and from the other test reports, it is clear that there is 
insufficient release of restraint at the joints for the slabs to' operate by the joints 
moving and thereby accommodating temperature/moisture induced volume changes. 
Since their casting, the concrete slabs have undergone a complex history of 
temperature and moisture change and this has led to overall shrinkage and curling. In 
the main, the slabs have cracked into halves or quarters as a result of thermally 
induced stresses. A secondary contribution to the development of the cracking has 
resulted from dowel bar misalignment. 
The absence of comer cracking indicates that the hardstanding is sufficiently strong 
for the loading to date and that there has been no loss of bearing beneath the slabs. 
The concrete appears to meet its specification requirements and seems to be a suitable 
external pavement quality concrete. Indeed, the inclusion of polypropylene fibres will 
have enhanced its durability as an external slab. The absence of overall settlement or 
differential settlement confirms that there are no geotechnical issues to consider. 
10.5.3 Remedial Works 
It was recommended that the slabs should be replaced with slabs of similar thickness 
but with joints spaced on a 6m orthogonal grid with as many joints as possible 
induced rather than fon--ned. It was recommended that unreinforced concrete should be 
installed and that either air entrainment or polypropylene fibres should be included in 
the concrete. 
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10.5.4 DENIAREC Applied to the Tracleteani External flardstandii1g 
Evaluation of External Concrete Pavement by ECON Progrant 
Firstly, by using the Evaluation of Concrete (ECON) prograin the current condition of 
the concrete slabs can be assessed. 
The criteria for the evaluation of a concrete structure are shown in Figure 10.29 and 
consists of cracking, scaling and disintegration, and spalling and delarnination. The ZD Zt, In -- 
observations of signs of distress at Tradetcam comprise longitudinal cracking (wide 
and thrOUOh) and slight spalling 
I'iiiic 1t). ') -L 
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Linderstanding of concrete problems. 
Fil, Lire 10.30 is taken from the database and illustrates an cxaniplc similar to 
Tradetcam. This allows the user to define the type of cracking as lonottudinal. 
Depending on the severity and extent of cacti type of distress a Deduct Value has been 
assigned and finally the slab confidence level and current condition ofconipollent is 
determined to take the best-recommended action for repair and maintenance. 'I'lic 
confidence level as shown in Figure 10.31 for slab 488 is 46 with poor condition. 
Detailed investigation and an engineering evaluation should be made to determine the 
demand for repair, replacement or strengthening 1: 1 In * 
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Figure 10.3 1- The detailed evaluation of slab 488 by ECON program. 
Diag, nosis of Cause of Distress by DEALA REC-EATER TSystem 
Different forrns of knowledge as shown in Figure 10.32 regarding causes and cfjL: cts 
of concrete distress have been gathered in three Individual knowlcd,, c-hiscd cxl)ci-t 
prog, rams which can be run in the visual edit screens at the sanic time as the databasc Z:, I 
is used. The severity and extent of distresses observed In Visual 111SI)CCtIOll MILl 
obtained from evaluation program can assist the user in correctly diapiosino tile cause 
and effect of distress. For slab 488, the main sign of distress is longitudinal cracks. 1 1. 
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By Lising cracking in the concrete knowledge base, the Liser can diaonose the causes 1: 1 It) 0 
and effects of longitudinal cracking and cracks at joints by i-1.11111ing the CXI)CI-t system. In 
Several questions might be asked concerning the shape and , conictry of' cracks, 
location, direction and their appearance (Figure 10.33). At the end oftlic lonoltudinal I --I 
cracking section, the User is directed to Use the MISCON knowledge base for further Zn 
investigation. I 
By using the miscellaneous (MISCON) knowledge base, tile user can find other 
possible causes of cracking, in slab 488 as shown in Figure 10.34. 
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It is concluded that the pattern of cracking in the external slab is a result of tile 
possible causes such as late sawing of joints, (towel bar misalignment, shrinka-C, 1: 1 -- 
temperature changes, curling, poor load transfer and loss Of'SUbstrate (Figure 10.35). 
In view of the data provided by the REPCON database in repair, durabilitY and 
maintenance of concrete, the user could go back to REPair of CONcrete (RFPCON) 
gure 10.36 and extract the appropriate inForniation ol database as shown in Fig I I 
durability and in choosinL; alternative repair materials and methods. It is 
recommended that slabs should be replaced with either Fibrc-reinforced concrete or 
shrinkage compensating concrete. Recommendations regarding shrinkage and 1: 1 1: 1 ZD 11: ý 
temperature changes could direct the user to design the concrete with specifications 
relevant to such a concrete slab. 
1 1-111 c W, --i 111ý[I and possible causes of crackmýý, m .!,, h 
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10-5.5 Comparison of Results 
In order to assess the validity of the DEMAREC-EXPERT System results in assessin,, 
the reasons for the pattern of cracking in the Tradetcani external pavement, tile 
following conclusion can be reached. Firstly, causes and effects ol'cracking obtaincd 
from the DEMAREC conclusion could conduct the Liser in correctly diagnosing tile 
distress. Secondly, alterriative repair materials and methods from tile dLIrabIlItV 
recommendation extracted from the REPCON database allow tile user to select the 
best course of repair and maintenance. Engineering judgement and experience I"j. 
alongside the site investigation and in-situ and laboratory examinations were able to 
inform the final conclusion. The results are shown in Table 10.2. They confirine that 
the DEMAREC-EXPERT performance was very good. 
material and durability recommendation for slab 48S. 
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Table 10.2 - Comparison of results between DEMAREC application and external 
paving investigation. 
Possible Causes or 
Considered 
Alternative 
Materials 
Alternative 
Methods. 
DEMAREC- * Dowel Bar Misalignment Fibre Reinforced Concrete Replacement 
EXPERT * Late Sawing of Joint Polymer (FRP) * Fibre-Reinforced 
System * Thermal Expansion * Expansion Concrete Shrinkage Cements (Types K, * Shrinkage 
Temperature Changes M, S) Compensating Concrete 
Curling 
Poor Load Transfer 
Loss of Substrate 
External Paving Temperature & Moisture * Air Entrainment Concrcte 
Investigation Changes Led to Shrinkage * Polypropylene Replacement 
and Curling Fibre 
Dowel Bar Misalignment 
Poor Load Transfer 
Differential Settlement 
10.6 Case Study 2- Warehouse Concrete Floor-Project 
In this project, the settlement and cracking in a warehouse floor at Chatham Dockyard 
operated by Nordic Holdings Ltd. is considered. This is an actual project in which the 
settlement and cracking are proving to be a significant hindrance and a need to 
undertake a full investigation. In this case study, it is shown that the results of this 
research work have been able to enhance the process of, determining the causes and 
effects of the distress and in choosing the alternative options for the repair methods 
and materials. 
10.6.1 Description of Warehouse Concrete Floor 
The site is located adjacent to the River Medway immediately to the north of No. 3 
Basin at the Chatham Dockyard. Referenced to publications of the British Geological 
Survey indicate that the site is located on the boundary of the Thanet Beds and Upper 
Chalk, underlying superficial Alluvium deposits. Alluvium is typically a variable 
sequence of silt, clay, sand and gravel deposits, which is locally organic with beat 
bands. Thanet Beds are typically a dense locally clayey silty fine sand, and this 
deposit is underlain by Upper Chalk which consists of a weak, white fine grained 
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limestone with bands of flints. The existing concrete slab is a ground-bearing slah on 
the basis of CBR test valUeS taken on the SLib,, gradc 
level. A stecl fibre 1-C111101-ced 
concrete floor also installed in 1996 and an extension installed in 1997 have 
developed differential settlement which in turn has caUsed cracking (Knapton, 2001, 
Contest MelbOLIMe Weeks; 1994). 
The concrete slab is laid directly onto prepared ground and sub-base and thcrcl'orc 
relies on the resistance of this ground to prevent it from sctthno (WS Atkins 
Consultant Ltd, 1997). However, the ground IMS SCttICCl due tO tjIC (lCCpCI- P001' 
ground, but is being held back from settling around the colunin areas wlicrc the pilc 
foundations for the columns are preventing this settlement 10.37). Thus 1 11 in, - 
differential settlement at these areas. The floor slab is scttliritý differently oil citlicr 
sides of joint and cracks in the floor as shown in Figures 10.38 and 10.31). 1 
Owing to the differential settlements in the slab, floor level now has slopes 
throughout, therefore the tacked up rolls of paper in those areas are no longer plumb 
(Figure 10.40). Figure 10.41 shows a developing crack in which the concrete rarely 
cracks cleanly. The tearing shown illustrates how small stones break away from the 
Figure 10.37 - Floor sloping around column and cracking (Knapton, 2001). 
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concrete during the cracking process. This tearing has produced small stories which 
are part of the hindrance. 
owe, 
F-i"ll re 10.39 - Di fference in lc,,, cl at cutjoint and spalling at crack (11.11: 11)1,, Il, 
Figure 10.38 - Difference in level at cutjoint (Kilapton, 2001). 
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are proving a hindrance to operations (Knapton, 2001). 
1, i-tire 10.40 OUL ol I) 
Cli, aptcr 10 - DEMAREC System Evaluation 253 
Figures 10.42 and 10.43 show typical pattern of cracking at a hard spot. The small 0 
area of concrete surrounding the bunch of keys is at its orl-,, inal level and tile 1-: 1 1 
surrounding concrete is settling. From visual inspection, It IS COIIC1UdC(l thilt tile 1: 1 1 
cracking occurs because concrete is stiff and cannot bend to acconlillodate tile 
settlement. Other hard spots under the slab such as tile old folindation Cor tile pj-CVIOUS 
electrical sub-station are also preventing the slab from settling evenly with the rest ot' 
the slab. Figure 10.44 illustrates the cracking, in tile vicinity of the electricity sLih- 
station. The foundation of the old SLib-station was left in and the new slab cast over, 
but with the slab settlino around and the old 601-Indations not settlim, Those 
foundations are now causing the concrete to settle differentially and crack. 
Figure 10.42 - PILtCrIi ofcrackiiig aro Linda local hard spot (Knapton, 2001 ). 
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rolls (Knapton, 2001). 
Figure 10.4'4 - Cracking differential settlement in 
Figure 10.43 - Pattern of cracking, around a local liard spot hctýýccii sticlýs ()I paper 
to the old electricity sub-station (Knapton, 2001). 
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10.6.2 Assessment of Causes of Crackin 
It is clear from the patterns of cracking shown in the Figures that the majority of 
cracking is due to large differential settlement and those-that started as shrinkage 
cracks have developed further owing to the settlements in the slab. With the 
differential settlements experienced, it is quite possible that either the joints have 
opened up or a drain has cracked, allowing any water to escape into the ground below, 
which will increase the rate or compaction of these layers and increase the differential 
settlement of the slab. With further differential settlement the drainage runs would 
experience further damage. 
10.6.3 Remedial Works 
A full range of options was reviewed by WS Atkins Consultants Ltd (1997) and Mott 
MacDonald Ltd (1996) such as adding a lightweight reinforced screed, construct 
ground beaýns and suspended floor slab, expanded head piles and suspended RC floor 
slab and vibro-replacement stone columns with ground bearing slab. However, for the 
warehouse to be put back into full service for the full life span of the building it could 
be recommended that the total slab is replaced with a reinforced suspended concrete 
slab on a grid of piles or steel fibre reinforced concrete floor. Further comments in 
relation to remedial work was taken by Knapton (2001) on decoupling of floor and 
pile-caps, floor flattening and initial monitoring, and crack repair and long term 
monitoring. 
10.6.4 DENIAREC Applied to the Chatham Dockyard Concrete Floor 
Evaluation ofDocAyard Concrete Floor by ECONprogrant 
The criteria for the evaluation of the current condition of the Chatham dockyard 
concrete floor is shown in Figure 10.45 and consists of cracking, spalling and 
delarnination. The majority of the observations of signs of distress at Chatham 
comprise random cracking and joint related spalling and faulting. The descriptive 
information and pictures taken from the database illustrate failure modes of distress 
similar to the Chatham dockyard concrete floor. This capability allows the user to 
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view examples and see the minor differences in similar distresses sucli as pattern and 
orientation of distress. 
The current condition of the concrete floor at Chatham dockyard is determined by 
assigning a Deduct Value to each type of distress as shown in Fig2lirc 10.40. The 
confidence level for the concrete floor at Unit 15 is 38 i. e. poor condiitioii. In-situ and 
laboratory investigation and engineeriii-, Judgenient should be made to take the hest- 1: 1 j 
recommended course for repair, replacement and maintenance. 
Diagnosis of Causes of Distress by DEYVIAREGEXPERT, ýystcm 
Owing to the differential settlements on either sides of the Joints and cracks (Fimires 
10.338 and 10.339) observed in the visual inspection, the user Could Ile directed to 
correctly diagnosing the cause and effect of distress at joints by using the cracklm, i 1., 1: 1 -1 in 
concrete knowledge base and selecting the cracks atjoint, edge and opening option. III 
Chatham. 
--I--- 
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dockyard. 
This session may involve questions related to the shape of' the cracks, locatiOn, 
direction and their appearance (Figure 10.47). At the end of this session, the use, - is 
conducted to use the random or Multiple Option for further investigation and 1-111al 
conclusion. 
By using the random or multiple option at cracking in the concrete knowled(le hase 
shown in Figure 10.48, the Liser can find the possible causcs of cracking in the 
concrete floor of Unit 15 at the Chatham dockyard. 
it is concluded that the ground movement, the differential settlements and tile 
shrinkage cracking are proving to be the possible causes of distress at the Chadiam 
dockyard floor (Figure 10.49). 
Figure 10.46 - The detailed evalLILItIOll Ot COIICI-CtC 11001- It 1.1111t 15, ('11,10MIll 
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distress at joints. 
COIICILISion. 
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DENLAREC-EXPERT System. 
The REPCON database gives recommendations on the selection of' inaterials ill(I I 
procedures for the repair and rehabilitation of concretc floor. It is reconinicn(led that 
the concrete floor at Chatham dockyard should be replaced with 
concrete or should be stabilised by grouting and resin injection ofthe cracks. Figure 1: 1 Z: > 
10.50 shows the result of retrieving appropriate information from the REPCON 1: 1 
database for the Chatham dockyard concrete floor. 
10.6. ---) Comparison of Results 
To assess the , -alidity of the DENLAREC-EXPERT System results, the emphasis IS put 
on comparing the experimental and actual investigation of causes of distress at tile 
Chatham dockyard concrete floor and those given by the systern. Firstly, the Causes 
and effects of cracking obtained from the DEMAREC conclusion COUld Conduct tile 
user in correctly diagnosing the distress. Secondly, alternative repair materials and 
methods alongside the recommendation regarding durability retrieved frorn the 1 11 111 
REPCON database conducts the user to take the engineering judgement and 
IIý,, Ll Ic 10.4') -I,,; ý, 'i, :,., 1ýý ýli kiII 
iý iIIi! Ii (I k, I"- 1ý , [I, 
Iii, "II,, i, ýý. 11 i, ý, I. 
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experience for repair and maintenance. This comparison, as shown in Tablc 103, 
confirnied that the system performance was vcry g , ood. 
durability for the Chatham dockyard floor retrieved from the database. 
Table 10.3 - Comparison of results between DEMAREC application and the 
Chathain dockyard concrete floor investigation. 
Possible Causes or 
Considered 
Alternative 
Materials 
Alternative 
Methods 
DENIAREC- Oround), lovement Fibre Reinforced Concrete Replacement 
EXPERT Differential Settlements Polymer (FRP) Fibre-ReinfOrced I 
Shrinkage Cracking SN'stern * Cement Grout ..... Concrete 
* Resins Stabilization 
Grouting 
Gcomenibrane 
Crack Resin Injection 
Chatham 1* Differential Settlements Fibre Reinforced Concrete Replacement 
Dockvard * Shrinkaue Cracks Polymer (FRP) Fibre-ReinfOrced 
Concret'e Floor Resins Concrete Reinforced Suspcnded Investigation Concrete slab on pilcs 
Stabilization 
* Decoupling 
* Flattening 
Monitoring 
Crack Repair 
Figure 1(). --; o - . -vtcrnative repair illatcrials alid Ilictilods and I-ccolilink: 11(Litioll III 
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10.7 Case Study 3- Highway Concrete (LFIWYCon Expert System 
One of the major goals of the Strategic Highway Research Program (SHRP) was to 
improve the performance and durability of highway concrete. SHRP Project C-206, 
Optimization of Highway Concreteý Technology, wa 
's 
created to disseminate 
knowledge of the results of SHRP - sponsored research and recent advancements in 
concrete materials technology. The products of this project included a synthesis of 
advances in highway concrete technology, training videos and the expert system 
Highway Concrete (HWYCON) (SHRP, 1994). HYWCON was designed to assist 
state highway departments in three areas: 1) diagnosing distresses in highway 
pavements and structures; 2) selecting materials for construction and rehabilitation; 
and 3) obtaining recommendations on materials and procedures for repair and 
rehabilitation methods. 
In this case study, the DEMAREC-EXPERT results were validated against concrete 
repair problems undertaken by HYWCON expert system (SHRP, 1994) stated in the 
literature involving concrete bridge deck and substructure diagnostics. Emphasis was 
placed on comparing the knowledge areas, the development and implementation tools 
and the experimental results obtaining by HYWCON with those given by 
DEMAREC-EXPERT. 
10.7.1 The Knowledze Areas Covered by HYWCON 
The knowledge contained in HYWCON includes information and rules on the four 
individual subsystems. Each subsystem was initially developed and distributed 
independently in the following sequence: 
9 Concrete pavement diagnostics (CONPAV-D), 
Concrete bridge deck and substructure diagnostics (CONSTRUC-D), 
Concrete materials selection (CONMAT), and 
* Concrete pavement repair and rehabilitation (CONPAV-R). 
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Knowledge about pavements was represented in all three subsystems CONPAV-D, 
CONMAT and CONPAV-R. Knowledge related to highway concrete structures was 
also included, especially for bridge decks and substructures. Substructures include 
concrete elements such as bridge columns, piers and parapet walls. Information on 
structures was not as clearly defined as the knowledge on pavement, except in 
diagnostics subsystem. Separate modules were developed to address distresses in 
bridge decks (CONSTRUC-D for bridge decks) and CONSTRUC-D for distresses in 
structures. The CONMAT subsystem was used to select materials for pavements or 
structures. For repair and rehabilitation, no knowledge was included on structures. 
Table 10.4 shows the types of pavement and structure and topics covered by each of 
the HYWCON subsystems. 
Table 10.4 - Distress categories and types of structures covered by HYWCON. 
Subsystem Structure Type Distress Category and Type 
Jointed Concrete Cracks at joints, edges and other 
Pavement openings 
(Reinforced or. Random cracking distributed over 
Plain) span 
Generally Straight cracks 
Sealant failure 
Joint related cracking, spalling and 
CONPAV-D faulting 
Surface spalling, popouts and scaling 
Surface potholes' 
Polishing of aggregate 
Continuously Cracking (transverse, longitudinal, 
Reinforced diagonal, multiple distributed over 
Concrete slab. multiple localised near joint) 
Pavement Joint related faulting 
Edge punchout 
Surface spalling, popouts and scaling 
Surface potholes 
Polishing of aggregate 
Bridge Deck Cracking (longitudinal, transverse, 
diagonal, random, Pattern or map) 
Surface spalling, popouts and scaling 
CONSTRUC-D Polishing of aggregate 
Structures Cracking (longitudinal, pattern or 
map, diagonal, random) 
Surface scaling and disintegration 
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CONMAT gave recommendations on the design of concrete for four areas of 
durability and included knowledge on three methods. The durability areas included: 1) 
corrosion of reinforcing steel; 2) sulphate attack; 3) freezing and thawing actions; and 
4) alkali-aggregate reactivity. The methods represented in the knowledge base 
included recycling concrete, permeable bases and fast track concrete. Materials 
durability knowledge included in CONMAT closely parallel the Guide, to Durable 
Concrete published by the ACI Committee 201. New knowledge from other SHRP 
projects on freezing. and thawing actions, alkali-aggregate reactivity and on high- 
performance concrete was also included in this subsystem. 
The HYWCON subsystem CONPAV-R gave recommendations on the selection of 
materials and procedures for the repair and rehabilitation of concrete pavements. The 
program assumed that the procedure has already been chosen. The procedures covered 
in CONPAV-R included bonded and unbounded overlays, full and partial depth 
repairs and diamond grinding and milling. CONPAV-R gave recommendations on 
materials and steps for performing the procedures. The American Concrete Pavement 
Association has an action program in this area and has published technical bulletins 
covering this area. Knowledge from this documents and drawings wcre represented in 
CONPAV-R. 
10.7.2 HYNVCON Development and Implementation 
Expert system shell programs tend to take less time for development and they contain 
development tools to assist the developer. Examples of the tools include display and 
rule editors, debugging aids and graphical and imaging capabilities or interfaces. The 
Leve15 Object development tool used to develop HYWCON is an available example 
of commercial software. One of the advantages of using LevelS Object was the ability 
to'use different inference procedures. HYWCON used both backward and forward 
chaining inference. But, the major disadvantage of using Level5 Object in 
development HYWCON is the use of Yes/No mode of confidence level. It means that 
if the confidence of the user to answer the question is not definitely "Yes" or "No", 
there is no longer any reason to pursue the hypothesis. 
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10.7.3 Comparison of DEMAREC-EXPERT Results with TIYWCON 
Subsystems 
The knowledge contained in DEMAREC-EXPERT includes information and rules on 
the three categories of distress in concrete structures. These categories as shown in 
Tables 8.1 through 8.3 comprise cracking in concrete, surface distresses and 
miscellaneous distresses in concrete structures. By comparing of Tables 8.1 through 
8.3 with Table 10.4, it is observed that the domain of knowledge included in 
DEMAREC-EXPERT system is much more covered than HYWCON subsystem 
CONSTRUC-D. It is particularly for surface distresses such as dusting, wear and 
erosion and discoloration and miscellaneous distresses in concrete structures. 
One of the main characteristics of DEMAREC application is that the DEMAREC- 
EXPERT system is coupled to REPCON as an independent database through the 
Visual Basic User Interface to access the repair materials and methods and 
recommendations on durability and maintenance. The data and knowledge included in 
DENL&REC application in comparison with CONMAT subsystem is covered a wide 
range of materials and alternative methods on repair of concrete structures. 
Information shown in Table 7.9 relating durability and maintenance of concrete 
structures included in the DEMAREC application in comparison with HYWCON 
subsystem CONMAT was taken from the American Concrete Institute (ACI, 1996), 
the British Standards Institution (BSI, 1997) and other technical reports published by 
concrete associations. This information has been classified in four main categories 
and gives recommendations on the design of concrete for a wide range of durability 
areas such as construction and design errors, settlement and movement, frost attack, 
sulphate attack, shrinkage, chloride attack, alkali-aggregate reactivity, concrete 
material recommendations. 
DEMAREC-EXPERT development and implementation were also validated against 
development tool used by HWYCON. -Emphasis was placed on comparing the 
development tool and programming productivity. MA, as an expert system shell, is 
used as a development tool that provides a platform for further enhancement and the 
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addition of knowledge as well as providing a high level of programming productivity. 
A comparative example between DEMAREC-EXPERT and HWYCON consultation 
results is shown in Figure 10.5 1. 
The chief innovative characteristic of DEMAREC-EXPERT in comparison with 
HYWCON is the introduction of confidence levels (CL). CLs are words and 
descriptive functions with pre-determined confidence level value which are used to 
measure the strength of the knowledge and to conceal specific uncertainty within the 
meaning. If the confidence level of the premise is not "Certain", the conclusion is still 
noted because there may be good reason to pursue the hypothesis, no matter how 
uncertain it might be now. Indeed, one of the strengths of the system is the way in 
which it allows the promotion and relegation of knowledge according to the opinion 
of users of different levels of ability from expert to novice. This chain of events in 
which seeking the value of one expression causes MA to invoke a relevant rule, and 
consequently to seek the value of another expression found in the premise of the rule 
is called backward- chaining and is fundamental to the operation of the DEMAREC- 
EXPERT inference engine. It was concluded that the DEMAREC-EXPERT system 
performance was very good. 
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10.8 Summa 
The principal value of DEMAREC is as a platform for the long-term development of 
an integrated engineering computing environment. The conceptual architecture for the 
environment consists of multiple knowledge base tools, user interfaces, evaluation 
program and databases supported on networked processors to form a simple integrated 
system 
The central feature of this research is the integrating of two hitherto separate areas of 
Information Technology (IT), i. e. a database management system (DBMS) and a 
knowledge-based expert system (KBES). Certainly the research has succeeded in 
addressing many of the issues in the coupling of knowledge-based expert systems 
with database management systems for concrete repair applications. The original 
focus of research on developing a flexible interface system has been substantially 
achieved. In the prototype implementation, knowledge-based expert systems may 
pose arbitrary queries in the context of their own data structures which are then 
answered using data from the database that is hidden from KBES. 
As a database interface for a knowledge-based expert system, a major strength of 
DEMAREC has proved to be its provisions for handling dynamically added data. In 
addition, DEMAREC deals with engineering data and the needs of engineering 
applications with respect to that data in the field of concrete repair. Considerations 
were given to the design process for DEMAREC. The global schema uses a data 
model to provide maximum semantic representation capabilities. This is illustrated by 
comparing pictures and technical data in a way that makes decision and problem 
solving easier. 
In the final part of this Chapter, the DEMAREC results is validated by three case 
studies taken from actual cases of concrete diagnosis and repair and from the 
literature. In these case studies, it is shown that the results of this research could have 
been used to enhance the process of determining the cause of the failure and in 
selecting the repair material and method. 
Conclusions and Recommendations 
11.1 Introduction 
The overall aim of the research was to investigate the benefits which would accrue 
from combining a knowledge-based expert system and a database management 
system so as to produce an evaluation program for the maintenance and repair of 
concrete structures. Within the framework of this overall aim, the main objective of 
t he thesi s is to explain the development of an integrated engineering computing 
environment in which a multiple expert system (DEMAREC-EXPERT) is coupled to 
an independent database management system (REPCON) and an evaluation of 
concrete program (ECON). The software is called DEMAREC - Diagnosis, 
Evaluation, MAintenance and REpair of Concrete structures. 
The first part of this Chapter presents a brief summary of the research study presented 
in this thesis. The remainder of the Chapter presents the main outputs from this 
research work and proposes future work to improve and to extend the system. It also 
points out areas in repair of concrete where additional research is required. Finally, 
general comments are given concerning the evolving knowledge and database. 
11.2 A Brief SummaLry of the Research Stud 
The durability problem of concrete structures is worldwide. It contributes a huge 
capital loss by reducing the lifetime of structures. Over the last decade, designing and 
constructing concrete structures of enhanced durability, thereby decreasing 
maintenance and repair costs, has been the focus of research and development and a 
AaO4ýVY4 
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wealth of knowledge has been promulgated at various conferences. In view of this, 
emphasis has been placed to the maintenance and repair of existing concrete buildings 
as well as on the concept of designing and constructing with a view to durability. 
Concrete repair is a complex process, presenting unique challenges very different 
from those experienced in the field of new concrete construction. Concrete repair 
must successfully integrate new materials with old materials, forming a composite 
capable enduring the exposure of use, the environment and time. During the last few 
years, many companies have involved in the development and supply of concrete 
repair products as well as damage appraisal and performance of repair and 
maintenance techniques. Therefore, it is common for a client to appoint an 
inexperienced contractor and become the victim of an inadequate repair in terms of 
material and technique. 
Extensive research has been conducted to make decisions and to overcome problem's 
associated with the repair of concrete structures by using knowledge based expert 
systems. With consideration of the foregoing issues, a lack of an advisory 
management system and a need to marshal all available data in a common format has 
persuaded authors to use an integrated engineering computing environment to 
investigate concrete repair problems. Gathering available information and data in the 
maintenance and repair of concrete structures allows realistic and proper diagnosis of 
the cause(s) of the distress, provides expertise advice- on material selection and 
enables adequate repair techniques. 
An objective of the aim of this research is to investigate an innovative approach 
designed to improve the performance and durability of concrete structures. The 
research has included the development of a computer program called DEMAREC 
which combines information on concrete distresses (including cracking, surface and 
miscellaneous distresses), investigation technologies, diagnosis methodologies and 
repair materials and methods. DEMAREC is a Visual Basic interface in which a 
multiple production rules expert system (DEMAREC-EXPERT) is coupled to an 
independent database management system (REPCON) and an evaluation program 
(ECON). DEN4AREC provides technology transfer of information from experts and 
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specialists to other practitioners and so provides a platforni for the exchange of expert 
opinions in this field. 
DEMAREC is a flexible application which can be used in four modules of evolution, 
diagnostic, evaluation and education. 
The REPair of CONcrete (REPCON) database includes infonnation and data to arrive 
at a realistic and proper diagnosis of the cause(s) of distress in a concrete structure. It 
is also designed to be an effective support tool for experts whose data can be 
evaluated in the enhanced level of confidence to ensure that the evolving database 
retains its integrity. The confidence level (CL) provides a quantitative and consistent 
means for evaluating both new knowledge and experience and the person contributing 
it and so it allows new data to be gathered and monitored over time. To contribute 
new knowledge to the database, a self-assessment process (see Section 7.8.1) has been 
included in order to assess the competence of the user. When new data to be added, 
the system evolves in line with the state of the art of concrete repair and so the 
database will become a catalyst to the development of knowledge and experience in 
the field. - 
In addition, data and pictures have been shown to have an impact in educating the 
inexperienced user enabling him to develop his confidence in concrete repair 4-P 
technology. The educational mode is predominantly an interaction between the user 
and the database. The user is enabled to view various aspects of repair of concrete 
technology in the form of pictures and descriptive information such as those shown in 
Figures 7.5,7.6 and 11.1 through the Database button in the main screen of the 
application (see also Figures 6.2 and 6.3). 
The knowledge contained in DEMAREC-EXPERT is designed 'to address diagnostic- 
related issues and identification and repair or rehabilitation recommendations and to 
assist users in the assessment of current conditions in concrete structures. In 
developing this knowledge-based system, diagnostic trees are used for converting the 
knowledge to a question-and-answer display and as a road map for reviewing 
knowledge and making modification to the computerized system. The knowledge 
included in REPCON as an independent database is coupled to the DEN4AREC- 
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EXPERT. This knowledge offers information relating to the sclectioll oi- materials uid 
inethods for repair and rehabilitation and gives the recommendations to cifliaiwe 
durability. Indeed, this research describes how a knowledge-based expert systcin alld 
a conventional database have been integrated to produce an innovative platform Mucli 
will facilitate and encourage the development of knowledge in concrete rcpair. 1. ) 
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the REPCON database. 
A performance rating procedure is proposed in the ECON program to evaluate tile 
durability of concrete structures which is based on the observation of signs of disti-Cs's 
and Deduct Values based on severity and extent. The principle of computing the 
confidence level (CL) is based on the deduction method where all distress Deduct 
Values are summed and subtracted from a value of 100. The frequency and extent of 
distresses in this prograrn directs the user towards the correct use of knowledge and 
data in DEMAREC-EXPERT and REPCON in diagnosing the cause(s) of(fistress ill a 
concrete structure. 
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11.3 Main Conclusion 
Based upon the research carried out in this thesis, the following main conclusions are 
drawn. 
> This research has wider implications than within the realm of concrete repair. It 
presents a radical approach to knowledge engineering: a database is no longer a 
static resource under the direction of one central organisation. It could be 
expanded to include models, data and knowledge of which all is shared. It causes 
all construction organisations to radically review what problem they involve with, 
what products and services they provide, how to be more competitive and how to 
exchange the information and expert opinion. 
The database evolves according to informed consensus. It models the way in 
which expertise has traditionally evolved. More effort has to be placed into 
supporting the exchange of information and knowledge between the various 
experts whilst allowing them to work on their respective parts of the knowledge 
and experience. 
> The benefit of using the system lies in the enhanced levels of confidence which 
can be attributed to the data and to contributors of that data. 
> One of the strengths of the system is the way in which it allows the promotion and 
relegation of knowledge according to the opinion of users-of different levels of 
ability from expert to novice. 
> The system is designed to model a true evaluation of a field of expertise but 
allows that expertise to move on in a faster and more structured manner. 
> The new methodology of data/user evaluation could have wider implications in 
many knowledge rich areas of expertise. 
> The methodology can be applied in any area of expertise which is knowledge 
based. The only impediment to its being extended widely is the initial populating 
of the knowledge base. Once the system has been established, there is no reason 
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why it should not continue ad infinitum, gathering credibility and value as it 
evolves. 
>A central feature of the system is the opportunity for information to change status. 
This is important because the value. of all knowledge changes with, time and may 
eventually be of no worth. It may be that at sometime in the future none of the 
original knowledge and information will remain as the subject matter becomes 
superseded. Indeed, the very existence of the system could accelerate the turnover 
of knowledge which might impact upon all areas of endeavour. 
> It has been already seen how the Internet has improved the accessibility of 
knowledge, yet has failed to measure the value of the knowledge which it makes 
available. The ideas embodied within the research could remove this impediment 
from the Internet. If a user only accesses a record for -information and finds they 
cannot leave it without providing the correct information they can get very 
annoyed with the system. Because the ideas presented in this thesis use the 
enhanced level of confidence for the data and contributors of that data, so users 
will be more likely to use yours because they will feel part of it. 
> The development of the prototype knowledge-based system is expected to 
stimulate research into other aspects of concrete durability. 
11.4 Considerations beyond This Research Stu 
Many studies have been conducted in the construction sector in recent years in order 
to investigate the relationships between technologies and in particular Information 
Technology (IT) and processes (Betts M., 1999). Most of these studies have 
concentrated on IT capabilities and forecasting how IT will be used in the future. 
Information is the words, numbers, images and voices that impart meaning and inform 
while Information Technology (IT) is the technological basis for the capture, 
manipulating, storage and communication of information. IT is the application of 
systems of information and knowledge to gathering data and creating information that 
is valuable to users who make decisions. 
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Information is a key source within any business activity. Researchers, software 
developers and practitioners are now applying Information Technology to automate 
different parts of the design and construction processes. The nature of construction 
activity, its structure and its operating environment are fluid and dynamic. This 
dynamism is growing at an increasing pace, offering proportionately greater strategic 
opportunities while posing significant threats. The value of knowledge and the status 
of information change with time and may eventually be of no worth. A principal 
feature of how design and construction processes have coped these changes has been 
to strategically exploit Information Technology (IT). The use of IT in design and 
construction is becoming increasingly sophisticated with object-oriented techniques, 
virtual reality, expert systems (ES), database management systems (DBMS), case- 
based reasoning and neural networks among the latest technological advances. These 
technologies can be used to enhance the integration and sharing of information 
between the various processes of design and construction. 
The Information Technology (IT) map can be developed in relation to the process 
requirements. An IT map should support the key themes of visualisation, intelligence, 
communication and integration which are emerging as the generic technologies for 
future research. This map should however be used as a stimulator of ideas regarding 
developing IT solutions for re-engineered design and construction processes. 
Of the generic technologies, the research community within this research has made 
most reference to the technologies of visualisation, intelligence and integration. 
Multimedia and other visualisation technologies, knowledge-based expert system and 
database management system are used as specific technologies of research priorities 
in this thesis. 
Knowledge-Based Expert Systems (KBES) or Expert Systems (ES) are sophisticated 
computer systems which store expert knowledge on specific subjects and can provide 
answers to questions on these subject areas, thus providing new ways to tackling 
many existing problems and allowing more complex tasks to be undertaken by using 
Information Technology (IT). These systems can make a particular expert's 
knowledge more generally available and can thereby save valuable resources by 
assisting decision making and multiplying available skills. 
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Powerful database applications have facilitated the essential capability of sorting data 
to overcome an increasing information malaise as design and construction processes 
are faced with too much unstructured information. Knowledge-based systems can be 
linked to an integrated database. It is the coupling and integration of these 
technologies which will provide the ultimate benefits to the design and construction 
processes. Integrating of these technologies can be used to bring a group of experts 
and specialists in any field of engineering closer together by allowing them to 
communicate and exchange information and data. Indeed, the exchange of 
information could accelerate the turnover of knowledge which might impact upon all 
areas of endeavour. The success of the research program presented in this study is 
derived from the close co-operating of the groups of user whose origins and 
experiences are diverse and who are willing to see IT as a means of helping to 
integrate their efforts as much as in providing a platform for the exchange of 
information. In addition, a more developed use of this research would have helped in 
integrating a greater proportion of the information used by the users. 
Design and construction processes are highly dependent upon the transfer and 
exchange of information between the project participants. The flow of information is a 
key issue since the effectiveness of information transfer could bring about the 
integration of the project stage. Information Technology (IT) is considered to be a 
relevant approach for addressing this challenge as it would allow the process to be 
reviewed and exchange to be adjusted. 
, 
The most important way in which the future design and construction processes will 
differ from the present will be through a greater measure of integration. Many projects 
in the future will have greatly improved flows of information between their 
participants. This will encourage the use of divers technologies to work towards the 
integrated project database concept. This improved information flow will lead to rc. 
engineered and improved processes of design and construction. It will also enable 
much greater integration of the process of design, construction and facilities 
management. The construction and future operation of buildings will be assessable at 
design stage through integrated IT, based on established information and design 
standards. 
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The new methodology of data/user evaluation and the modelling of the evolution 
within a field of expertise which is presented in this research study is to suggest that 
innovating with Information Technology (IT) can be applied to any areas of design 
and construction. The respondents to this study have suggested a number of tools that 
may emerge from future research. The important design tools and integration tools are 
on-line collaboration, simulation models, tools to capture client's requirements, 
communication and the Internet. One dominant research issue is improving the access 
of construction industry participants to information. The other dominant research 
theme is concerned with improving or visualising the design process. 
All generic technologies of visualisation, intelligence, communication and integration 
need to be supported on a continuous basis for the long term in the strategic interests 
of construction industry. Visualisation and integration are considered to be the key 
generic technologies of strategic significance of design and construction. Key tools 
that are likely to emerge in future academic research and its subsequent developmcnt 
in industry are concerned with building performance, design and integration. Key 
research themes also include access to information and the review of the design and 
construction processes. 
11.5 Recommendations for Future Works 
As concluded in Section 10.4, the greatest contribution of this research is to explore 
the coupling of knowledge-based expert systems with an independent database 
management system for the repair of concrete structures. It also shows the integrating 
of these separate areas of Information Technology (IT) in order to provide technology 
transfer of information between experts, specialists and other practitioners by 
allowing them to communicate and exchange information and data. The methodology 
presented here is simple and demonstrative but it is of pioneering nature. Although the 
proposed methodology has wider implications in many knowledge rich areas of 
expertise, there are areas that may be studied further so that a greater understanding as 
well as improvement of the present research can be achieved. These areas are 
highlighted as further research: 
I 
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> In terms of concrete repair, DEMAREC can be used for most concrete structures 
with any possible concrete distresses. It can however be extended for any special 
concrete structure, i. e. concrete bridges. 
> Other forms of knowledge representation which enable the sharing of knowledge 
between applications could be investigated. It is recommended that any further 
research should be complemented on each knowledge base individually. 
> Further work on the REPCON database will extend beyond the pictures through 
OLE technology including video clips and sound files. However more pictures 
and multimedia clips covering a wide range of failure are required for the database 
to make a meaningful contribution towards the fault diagnosis and maintenance of 
concrete structures. Comprehensive data defining maintenance problems and 
durability recommendations are also required. Furthermore, other specific 
technologies of visualisation systems such as virtual reality (VR), computer aided 
design (CAD) and 3D modelling can be used to solve the problems of 
inconsistency of terminology in describing modes of distress. Indeed, the user 
should have the ability to view the concrete distresses using virtual reality bascd 
on information stored in the database. 
> The REPCON database can be extended as a regular record keeping proccss of 
repair and maintenance. Record keeping is an essential part of repair and 
maintenance since the history of the database has a significant effect on the 
decision-making process. It is important to maintain a log of successful and 
unsuccessful materials and processes. 
> The REPCON database is no longer a static resource and therefore, a case for 
further investigation is recommended on the merits of adding knowledge to the 
database and its subsequent evolution. 
> The use of statistical and mathematical models enables the expert system program 
to access the structure's historical characteristics. Based on the analysis of the 
historical database, invaluable information can be obtained in order to understand 
the behaviour of the distress. Future development of the DEMAREC simulator 
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will provide an insight into the repair and maintenance process by the information 
supplied by both mathematical models and the knowledge of experts in the repair 
of concrete field. IT applications may emerge that integrate visualisation and 
artificial intelligence technology to produce tools that can model the 
environmental impact of various concrete distresses. 
> DEMAREC could be more effective in the integration of concrete repair and in 
knowledge elicitation if it is used over a network where it would benefit from 
wider implications of knowledge. Combination of generic technologies of IT such 
as integration and communication is being used to automatically capture data on 
facilities in use and feed this into appropriate area as a basis for the exchange of 
information and data. In some cases, the Internet communication protocol has 
improved the accessibility of information, yet has failed to measure the value of 
information. The ideas embodied within the DEMAREC could remove this 
impediment'from the Internet. Future effort is aimed at developing DEMAREC 
software which can run over the Internet. 
ACI, 1996, Manual of Concrete Practice, American Concrete Institute, USA. 
Adeli, H., 1988, 'Al Techniques and the Development of Expert Systems, In Exl2ert 
Systems in Construction and Structural Engineering, Edited by H. Adeli, Chapman 
and Hall Ltd., USA, pp 13-3 1. 
Adeli, H., 1988, Expert Systems in Construction and Structural Engineerinij, 
Chapman & Hall Ltd., USA. 
Adeli, H., and KV. Balasubramanyam, 'A Knowledge-Based System for Design of 
Bridge', Joumal of Computing in Civil Engingýn , Vol. 2, No. 1,1988, pp 1-20. 
Allen, PIL T. L., S. C. Edward, and I D. N. Shaw, 1993, The Repair of Concrete 
Structures 2 nd Edition, Chapman and Hall, England. 
Anumba, C. J., 1994, 'Consideration in User-Interface Design for Knowledge-Bascd 
Systems', 2 nd International Conference on Computational Structures Technology, 
Athena, Greece, pp 47-5 1. 
Assadi, S. O. A., 1997, An Investigation of the Records Kept by Supervisors on 
Construction Sites, Ph. D. thesis, Newcastle upon Tyne University, England. 
ASTM STP 691,1980, Durability of Building Materials and Components, The First 
International Conference Proceedings, American Society for Testing and Materials, 
USA. 
References 280 
Baker, T. L., 1994, Doing Social Research, 2 nd Edition, McGraw-Hill Inc., USA. 
Baride, B. F., 1989, Managerial Decisions under Uncertainly-, An Introduction to the 
Analysis of Decision Making, John Wiley & Sons Inc., USA. 
Benjamin, C. 0., D. L. Babcock, N. B. Yunus and J. Vincaid, 'Knowledge-Based 
Prototype for Improving Scheduling Productivity', Journal of Computing in Civil 
Engineering, Vol. 4, No. 2,1990, pp 124-134. 
Betts, M., 1999, Stratemc Management of IT in Constniction, Blackwell Sciencc 
Ltd., Oxford. 
Beynon-Davies, P., 1991, Expert Database Systems: A Gentle Introduction, 
McGraw-Hill Ltd., England. 
Beynon-Davies, P., 2000, Database Systems, 2 nd Edition, Macmillan Press Ltd., 
London. 
Brito de, J., F. A. Branco, P. Th oft-Chris tens en and J. D. Sorensen, 'An Expert 
System for Concrete Bridge Management', Journal of Engineering Stnictures, Vol. 
19, No. 7,1997, pp 519-526. 
BSI, 1997, Concrete, BS 8110 and BS 5328, British Standard Institution, London. 
Buchanan, F. G., D. Barstow, R. Bechtel, J. Bennet, W. Clancey, C. Kulikowski, 
T. M. Mitchell and D. A. Waterman, 1983, 'Constructing an Expert System', In 
Building Expert Systems Edited by F. Hayes-Roth, D. A. Waterman and D. Levat, 
Chapter 5, Addison Wesley Publication Company, Reading MA, pp 127-167. 
Bullock, R. E. and S. D. Foltz, 1995, 'REMR Management Systems - Navigation 
and Reservoir Structures Condition Rating Procedures for Concrete in Gravity Dams, 
Retaining Walls, and Spillways', Technical Report REMR-OM-16, U. S. Army Corps 
of Engineers, USA. 
References 281 
Bungey, J. H., 1989, Testing of Concrete in Structures, 2 nd Edition, Surrey University 
Press, England. 
Cabrera, J. G., 1988, 'Towards a Performance Index for Concrete Bridges', 
Proceedings of Seminar of Assessment of Reinforced & Prestressed Concrete Bridg ges, 
The Institution of Structural Engineers, London, pp 37-42. 
Cabrera, J. G., K. S. Kim and PL Dixon, 'COBDA: An Expert System for the 
Assessment of Deterioration of Concrete Bridges', In Developments in Artificill 
Intelligence for Civil and Structural Engineering, Edited by B. H. V. Topping, Civil- 
Comp Press, 1995, pp 151-157. 
Campbell, D. A., and H. Roper, 1991, Concrete Stnictures: Materials, Maintenance 
and Rgpair, Longman Group UK Ltd., England. 
Cimflex Teknowledge Corporation, 1991, MA User's Guide: A Guide to k5 
Developing and Delivering knowledge System, Cirnflex Teknowledge Corporation, 
USA. 
Clarke, A. B. and R. L. Disney, 1970, Probability and Random Processes for 
Engineers and Scientists, John Wiley & Sons Inc., USA. 
Clifton, J. R., B. C. Oltikar and S. K Johnson, 1985, Development of DURCON: 
An Expert System for Durable Concrete, Part I, NBS IR 85-3186, National Bureau of 
Standards, US Department of Commerce, Gaithersburg, Maryland. 
Codd, E. F., 1990, The Relational Model for Database Management, Addison-Wesley 
Longman Inc., USA. 
Connolly, T. M. and C. E. Begg, 1999, Database Systems, A Practical Approach to bb. 
Design, Implementation, and Management, 2 nd Edition, Addison-Wesley Longman 
Inc., USA. 
References 282 
Contest Melbourne Weeks, 1994, 'Ground Investigation at Chatham Dockyard for 
Shiplink Terminals Limited', Technical Report, Contest Melbourne Weeks. 
.-. Cordon, W. A., 1974, Repair of Concrete-, Concrete Construction Handbook, 2 nd 
Edition, McGmw-Hill Ltd., USA. 
Date, C. J., 2000, An Introduction to Database System, 7 th Edition, Addison-Wesley 
Longman Inc., USA. 
Desai, B. C., 1990, An Introduction to Database Systems, West Publication Company, 
USA. 
Devore, J. L., 1995, Probabilily and Statistics for En.. izineering and the Sciences, 4'b 
Edition, Wadsworth Inc., USA. 
Elmarsi, R. and S. B. Navathe, 2000, Fundamental of Database Systems, P Edition, 
Addison-Wesley Longman Inc., USA. 
Emmons, P. H. et al, 'A Rational Approach to Durable Concrete Repair', Journal of 
Concrete Intemational, Vol. 15, No. 9,1993, pp 40-45. 
Emmons, P. H., 1993, Concrete Repair and Maintenance Illustrated, R. S. Means 
Company Inc., USA. 
Emmons, P. H., and A. M. Vaysburd, 'Factors Affecting the Durability of Concrete 
Repair: the Contractor's Viewpoint', Journal of Construction and Building Materials, 
Vol. 8, No. 1,1994, pp 5-16. 
Evbuomwan, N. F. 0., and C. J. Anumba, 1994, 'Intelligent Maintenance and 
Repair of Reinforced Concrete Structures', 3d International Kerensky Conference On 
Global Trends In Structural Enzineering Proceedings, pp 171-176. 
References 283 
FAA, 1982, Guidelines and Procedures for Maintenance of Aijport__PavementS, 
Technical Report AC 150/5380-6, U. S. Department of Transportation, Federal 
Aviation Administration (FAA), USA. 
FIP Commission On Practical Construction, 1991, RgDair and Stren%zthening of 
Concrete Structures Thomas Telford Services Ltd., London. 
Funk, G., and H. NV. Reinhardt, 'The Development of an Object-Oriented Expert 
System for Diagnosis and repair', In Information Technology for Civil and Structural 
Engineering, Civil-Comp 93. Conference Proceeding 
. -s, 
1993, UK, pp 87-94. 
Funk, G., 'REPCON: An Expert System for Diagnosis and Repair of Damages at 
Concrete Structures', Otto Graf Journal Vol. 3,1992, pp 63-74. 
Gemert, D. V. et al, 'Basis for Selection of PC and PCC for Concrete Repair', The 
Intemational Joumal of Cement Composites and Lightweight Concrete, Vol. 10, No. 
2,1988, pp 121-123. 
Giarratano, J. and G. Riley, 1994, Expert Systems: Princil2les and Programming, 2nd 
Edition, PWS Publishing Company, USA. 
Gonzalez, A. J. and D. D. Dankel, 1993, The Engineeriniz of Knowledge-Based 
Systems: Theoly and Practice, Prentice-Hall Inc., USA. 
Greimann 1., J. Stecker and M. Nop, 1995, 'REMR Management Systems - 
Navigation Structures, Condition Rating Procedures for Tainter Darn and Lock 
Gates', Technical RgRort REMR-OM-17 U. S. Army Corps of Engineers, USA. 
Groff, J. R. and P. N. Weinberg, 1990, Using SOL, McGraw-Hill Ltd., USA. I 
Hanna, P. B., A. S. Hanna and T. A. Papagiannakis, 'Knowledge-Based Advisory ep 
System for Flexible Pavement Routine Maintenance', Canadian Journal of Civil 
Enmneerin. z, Vol. 20,1993, pp 154-163. 
References 284 
Harrington-Hughes, K, 'SHRP's Cutting Edge: New Software Augment PCC 
Rehab', Road and Bridges Joumal Vol. 31, No. 10,1993, p 12. 
Holloway, C. A., 1979, Decision Making Under Uncertainty: Models and Choices, 
Prentice-Hall International Inc., London. 
Howard, H. C. and D. R. Rehak, 'Expert Systems and CAD Database', in Knowledge 
Engineering and Computer Modelling in CAD, Proceedinizs of CAD86,7 th 
International Conference on the Computer as a Design Tool, 1986, London, pp 236- 
248. 
ICRI, Technical Guidelines, 1992, Guide for Selecting Application Methods for 
Rgj2air of Concrete Surfaces Guideline No. 03731, International Concrete Repair 
Institute, USA. 
ICRI, Technical Guidelines, 1996, Guide for Selecting and Specifýdng Materials for 
Repair of Concrete Surfaces, Guideline No. 03733, International Concrete Repair 
Institute, USA. 
Jarke, INT. and Y. Vassiliou, 'Coupling Expert Systems with Database Management 
Systems', Proceedings of the NYU SyInposium. on Al A or Business. Splications f 
Chapter 5,1983, USA, pp 65-85. 
Jarke, INI. and Y. Vassiliou, 1984, 'Database and Expert Systems; Opportunities and 
Architectures for integration', in New Applications of Databases, G. Gardarin and E. 
Gelenbe, Academic Press Inc., London, pp 185-201. 
Kaetzel, L. J., and J. P. Clifton, 'Expert/ Knowledge Based Systems for Materials in 
the Construction Industry: State-of-Art Report', Journal of Materials and Structures, 
No. 28,1995, pp 160-174. 
Kaetzel, L. J., J. R. Clifton and D. P. Bentz, 1989, Integrating Knowledge for the 
Identification of Cracks in Concrete Using an Expert System Shell --A, Extensions, 
References 285 
NIST Internal Report 89-4206, National Institute of Standards and Technology, 
Gaithersburg, MD. 
Kalyanasundaram, P., S. Rajeev and H. Udayakumar, 'REPCON: Expert System 
for Building Repair', Journal of Computing in Civil Engineering, ASCE, Vol. 4, No. 
2,1990, pp 84-10 1. 
Kardon, J. B., 'Polymer-Modified Concrete: Review', Journal of Materials in Civil 
En. mneering, Vol. 9, No. 2,1997, pp 85-92. 
Kay, T., 1992, Assessment & Renovation of Concrete Structures, Longman scientiflc 
& Technical, England. 
Vim, NV, 1991, Introduction to Object-Oriented Databases, Massachusetts Institute of 
Technology, USA. 
Knapton, J, 2001, 'External Paving at Unit A. Hams Hall Colleshill', Technical 
Report, Newcastle upon Tyne University. 
Knapton, J, 2001, 'Action Between Nordic Holdings Limited and Mott MacDonald 
Limited', Expert Report, Newcastle upon Tyne University. 
Lafue, G. M. E., 'Basic Decisions about Linking an Expert System with a DBMC: A 
Case Study, Database Engineering Joumal Vol. 6, Part 4,1983, pp 238-246. 
Luger, G. F. and W. A. Stubblefield, 1988, Artificial Intelligenc , Addison Wesley 
Longman Inc., USA. 
Maher, INT. L., and M Allen, 'Expert Systems Components', Expert System for Civil 
Engineering, ASCE, 1987, pp 3-14. 
Mallett, G. P., 1994, Repair of Concrete Bridges, Thomas Telford Services Ltd., 
London. 
References 286 
May, C., 1992, Durability of Concrete Structures, Investigation, Repair. Protection, E 
& FN Spon, London. 
Metcalfe, A. V., 1997, Statistics in Civil Engineering, J. W. Arrowsmith Ltd., 
England. 
Mikami, I., S. Tanaka and A. Kurachi, 'Expert System with Learning Ability for 
Retrofitting Steel Bridges, Journal of Computing in Civil EnginLe n, ASCE, Vol. 8, 
No. 1,1994, pp 88-102. 
Minsky, Al., 1975, 'A Framework for Representing Knowledge', In The Psychology 
of Computer Vision Edited by P. H. Winston, McGraw-Hill Ltd., USA. 
Aliyamoto, A., K. Kawamura and H. Nakamura, 'Bridge Management System and 
Maintenance Optimization for Existing Bridges', International Conference on 
Computer Aided Design and Machine Leaming, 13-15 September, 1999, Oxford, 
England. 
Miyamoto, A., Al. Kusida and K.. Kinosita, 'Concrete Bridge Rating Expert System 
with Machine Learning', Proceeding of IABSE Colloquium on Knowledge Support 
Systems in Civil En6neering, Bergamo, 1995, pp 301-306. 
Mohsen A. Issa, S. Tsui, and A. Yousif, 'Application of Knowledge-Based Expert 
Systems for Rating Highway Bridge, Journal of Engineering Fracture Mechanics, 
Vol. 50, No. 5/6,1995, pp 923-934. 
Morgan, D. R., 'Compatibility of Concrete Repair Materials and Systems', Journal of 
Construction and Building Materials Vol. 10, No. 1,1996, pp 57-67. 
Nlott MacDonald Ltd, 1996, 'Report and Recommendations Following the Failure of 
Pavement Flooring Unit 15 Chatham Dochyard', Mott MacDonald Ltd. 
Nachmias, D., and C. Nachmias, 1976, Research Methods in the Social Science, 
Edward Arnold (Publishers) Ltd., USA. 
- References 287 
Nikolopoulos, C., 1997, Expert Systems: Introduction to First and Second Generation 
and Hybrid Knowledge-Based Systems Marcel Dekker Inc., USA. 
Nouas, A., 1993, A Knowledge-Based System for the Design of Hybrid Connections 
in Structural Steelwork PhD. Thesis, UMIST, UK. 
Nyambayo, J., 1997, Expert System for the Integrated Approach to Design and 
Construction of Ground Bearing Industrial Floors, PhD. Thesis, Newcastle upon Tyne 
University, UK- 
Oliver, J., D. Plotkin, J. Lesnik and D. Pirie, 1998, 'REMR Management Systems - 
Coastal/Shore Protection Structures: Condition and Performance Rating Procedures 
for Rubble Breakwaters and Jetties', Technical Report REMR-OM-24, U. S. Army 
Corps of Engineers, USA. 
Oppenheim, A. N., 1992, Questionnaire Design and Attitude Measurement, New 
Edition, Printer Publishers, England. 
Perkins, P. H., 1997, Rgpair. Protection and Wate1proofing of Concrete Structures, 
Elsevier Applied Science Publishers, England. 
Quillian, Al. R., 1986, Semantic Memory in Semantic Information Processin , MIT 
press, Cambridge, NIA. 
Rea, L. At., and P. A. Parker, 1992, Designing Conducting Survey Research, Jossey- 
Bass Publishers, San Francisco, U. S. A. 
Reddy, P-L IL, A. Gupta, and R. P. Singh, 'Expert System for Optimum Design of 
Concrete Structures', Journal of Computing in Civil Enginýn , Vol. 7, No. 2,1993, 
pp 146-161. 
RILEINI Draft Recommendation, 'Draft Recommendation for Damage 
Classification of Concrete Structures', Joumal of Materials and Stnictures, No. 27, 
1994, pp 362-369. 
References 288 
RILEINI Report 14,1996, Durability Design of Concrete Structures, Chapman and 
Hall Ltd., London. 
Sabnis, G. M., R. Sorokko and K Doshi, 'A Rating System for Structural Evaluation 
of Concrete Building', Journal of Concrete International,, Vol. '12, No. 12,1990, pp63- 
65. 
SERC Bulletin, Cutting the Cost of Building Repairs, Vol. 4, No. 5, Summer 1990, p 
18. 
Shortcliffe, E. H. and B. G. Buchanan, 1984, Rule Based Expert Systems: The 
WON Experiments of Standard Heuristic Proummming Proiect, Addison Wesley 
Company, Reading MA. 
SHRP, 1994, Users Guide to the Highway Concrete (HWYCON) Expert System, 
Strategic Highway Research Program, SHRP-C-406, Washington, DC. 
Smite, 11. IV., 1991, Strategies of Social Research: The Methodological Imagination, 
3 rd edition, Holt Rinehart and Winston Inc., USA. 
Sohni, M., 1991, Entwicklung eines Expertsystems zur Beurteilung. Beseitie unz und 
-Vorbeuzunz von Oberflachenschaden an Betonbauteilen, PhD Thesis, Darmstadt 
Urtiversity, Germany. 
SP-69,1981, Apl2lications of Polymer Concrete, American Concrete Institute, USA. 
The Concrete Society, 2000, Diagnosis of Deterioration in Concrete Structures: 
Identification of Defects. Evaluation and Development of Remedial Action, Technical 
Report No. 54, The Concrete Society, UK- 
Thompson, P. D. et al, 'The Pontis Bridge Management System', Structural 
F-ngineering Intemational, No. 4,1998, pp 303-308. 
References 289 
Tracy, R. G., and R. S. Fling, 'Rehabilitation Strategies', Joumal of Concrete 
Intemational, 1989, Vol. 11, No. 9, pp 41-45. 
Ullman, J. D., 1988, Principles of Database and Knowledge-Based Systems, Volume 
Computer Science Press, USA. 
USACE (U. S. Army Corps of Engineers), 'Repair, Evaluation, maintenance, and 
Rehabilitation (REMR)', Army RD A Bulletin, Sept. -Oct., 1992. 
USACE (U. S. Army Corps of Engineers), 1995, 'Engineering and Design: 
F, valuation and Repair of Concrete Structures', Engineer Manual 1110-2-2002, 
Washington D. C. 
USACE (U. S. Army Corps of Engineers), 1995, 'Engineering and Design: 
Evaluation and Repair of Concrete Structures', Engineer Manual 1110-2-2002, USA. 
USACE (U. S. Army Corps of Engineers), 1996, 'REMR Management Systems for 
Civil Works Structures', RENfR Technical Note OM-MS-I - 1, USA. 
Vaysburd, A. M., 'Rehabilitation of an Elevated Roadway Bridge', Joumal of 
Concrete international, Vol. 12, No. 9,1990, pp45-50. 
Viescas, J. L., 1994, Running Nficrosoft Access for Windows, Microsoft corporation, 
USAý 
-NVaddell, JJ., 'Basic Steps of a Concrete Repair Program', Journal of Concrete 
International, 1980, pp 30-33. 
NValker, A., 'Databases, Expert Systems and PROLOG', Proceedings-of the NYU 
Symposium on Al Applications for Business Chapter 6,1983, pp 87-109. 
NIVang, T., Q. Qin, and Y. Li, 1989, 'An Expert System for Diagnosing and Repairing 
Cracks in Cast-in-place Concrete', Proceedings of the Sixth Conference on 
References 290 
Computing in Civil Engineering American Society of Civil Engineering, New York, 
pp 219-225. 
Weisberg, H. F., J. A. Krosnick, and B. D. Bowen, 1996, An Introduction to Survey 
Research, Polling, and Data Analysis, 3rd Edition, Sage Publications, California, USA. 
William IBBS, C., and J. TAL Dela Garza, 1988, 'Knowledge Engineering for a 
Construction Scheduling Analysis System', In Expert Systems in Construction and 
Structural Engineering, Edited by H. Adeli, Chapman & Hall Ltd., USA, pp 137-159. 
WS Atkins Consultant Ltd, 1997, 'Concrete Floor Slab Failure', Expert's Report, WS 
Atkins Consultant Ltd. 
Zhang, X J. and J. T. P. Yao, 1988, 'Expert Systems for Condition Evaluation of 
]F-xisting Structures', In Expert Systems in Construction and Structural Engineering, 
iEdited by H. Adeli, Chapman & HaU Ltd., USA, pp 225-246. 
UNIVERSITY OF 
NEWCASTLE 
Sojý 
CIVIL ENGINEERING DEPARTMENT 
UNIVERSITY OF NEWCASTLE UPON TYNE 
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-rhis appendix presents a copy of the repair materials questionnaire: 
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UNIVERSITY OF 
NEWCASTLE 
Department of Civil Engineering 
Cassie Building 
University of Newcastle 
Newcastle upon Tyne NEI 7RU 
United Kingdom 
Head of Department 
Professor DG Clarke 
RESEARCH PROJECT IN THE REPAIR AND MAINTENANCE 
OF CONCRETE STRUCTURES. 
Dear Sir; 
I am conducting research in the field of construction management under the 
supervision of Prof. J. Knapton in the Civil Engineering Department of the University 
of Newcastle upon Tyne. The aim of the research is to develop a knowlcdge-bascd 
system that would guide specifiers, owners and contractors in the choice of effective 
and durable repair schemes for reinforced concrete structures. 
In addition, the system would utilise up-to-date information to assess and accurately 
diagnose the cause of a concrete defect, and then provide objective, logical and expert 
advice on the most appropriate and durable repair scheme (materials and tcchniqucs) 
in a givcn situation. 
One of the main features of this research will be to create a database in repair 
materials and techniques. The purpose of the database is to provide storage of material 
specifications along with manufacture's general information, application information, 
manufacturer's technical data and any technical reported data for repair materials in 
UK. In view of this, I enclose a sample data sheet illustrating the type of data to be 
stored. 
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UNIVERSITY OF 
NEWCASTLE 
Department of Civil Engineering 
Cassic Building 
University of Newcastle 
Newcastle upon Tyne NEI 7 RU 
United Kingdom 
Head of Department 
Professor BG Clarke 
I would very much appreciate any information that you could supply and I would 
request that you complete the questionnaire so as to ensure that your products and /or 
methods are included in the database. 
It is hoped that the research will lead to publication while will be guidance to 
specifiers, owners and contractors in the choice of repair materials from your 
company. 
I would be most grateful if you could assist me in this work and will be happy to 
answer any queries you may have. 
Thank you*very much for your co-operation. 
Yours faithfully; 
F. Moodi 
Researcher 
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The Sample of Repair Material Specifications' Data Shect 
Product Name: WATERPLUG 
Category: CEMENT 
Use(s): CRACK REPAIR AND PATCHING MATERIAL, HORIZONTAL OR 
NONHORIZONTALSURFACE; WATERSTOP REPAIR MATERIAL 
Description: INSTANTLY STOPS RUNNING WATER OR SEEPAGE 
Comments: VERY COLD OR VERY HOT WEATHER WILLS RETARD OR 
QUICKENS 
SETTING TIME 
*************NIANUFACTURE'S GENERAL INFORAIATION************ 
Manufacturer: THORO SYSTEM PRODUCTS 
7800 NW 38TH STREET 
MLkMI, FL 33166 
800-327-1570 
Packaging: 2.5 LB CAN, 10 LB CAN, and 50 LB PAIL 
Shelf Life: up to 1 year in unopened, und=aged containers. 
Colour: GRAY 
Availability: USA AND EUROPE WITH EXPORT TO MOST OTHER 
COUNTRIES 
Cost: .0 LB BAG IS APP 
$45.00 
Technical Support: FIELD TECHNICIANS AND TECHNICAL SERVICES 
DEPARTMENTS 
Comments: WILL SET IN 3-5 MIN. 
***************APPLICATION INFORATATION************************ 
Surface Prep: ALWAYS UNDER CUT OR CUT SQUARE: DO NOT USE V CUT. 
OPEN CRACK OR HOLE TO A MIN DEPTH AND WIDTH OF 3/4 
INYLUSH AWAY ALL CUTTINGS AND DIRT. 
Mixture Prop: WATER ADDED TO DESIRED PROPERTIES. ADD WATER TO 
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POWDER, TO REACH A NO SLUMP, DAMP PACK MORTAR 
CONSISTENTCY. 
Mixing: DO NOT MIX MORE THAN CAN BE PLACED IN 3 MIN. 
MIX BY HAND IN 
SMALL MIXING VESSEL. CLEAN VESSEL COMPLETELY AFTER 
EACH BATCHDO NOT RETEMPERS. 
Application: PLACE WITH MINIMUM WORKING OR RUBBING FORCE INTO 
CRACK/HOLE BY PUSHING FIRMLY. USE MAXIMUM 
PRESSURE. 
Coverage: I LB WILL FILL 7 CU IN. 
Precautions: DOES NOT BRUSH OR TROWEL SURFACE. 
Curing Time: KEEP DAMP FOR AT LEAST 15 MIN. 
Limitation: VERY HOT OR VERY COLD WEATHER WILL RETARD OR 
QUICKEN SETTING. 
'""""""NIANUFACTURER'S TECHNICAL DATA*************** 
COMPRESSIVE STRENGTH: 7 DYS=4,000 PSI, 28 DYS=5,800 PSI 
TENSILE STRENGTH: 7 DYS=300 PSI, 28 DYS=350 PSI 
FLEXURALSTRENGTH: 7 DYS=600 PSI, 28 DYS=1,500 PSI 
DANGER! CONTAINS CEMENTS AND CRYSTALLINE SILICA. AVOID 
BREATHING DUST. AVOID DIRECT CONTACT WITH SKIN. 
WEAR IMPERVIOUS 
GLOVES. WEAR APPROPRIATE PROTECTIVE CLOTHING 
MEETING THE MOST CURRENT ANSI Z85.1 STANDARD. 
Composition: CEMENT BASED 
COMP. STR; PSI (ASTM C 109): 
TENSILE STR; PSI (ASTM C 190): 
FLEXURAL STR, PSI (ASTM C 348): 
20 MIN 1800 1 -DAY 4000 
7-DAY 5000 28-DAY 5500 
7-DAY 300 28-DAY 3500 
7-DAY 600 
28-DAY 1500 
Composition:. CEMENT BASED 
******************TECHNICAL REPORTED DATA******************* 
.................................................................................................... 
.................................................................................................... 
.................................................................................................... 
.................................................................................................... 
.................................................................................................... 
.................................................................................................... 
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UNIVERSITY OF 
NEWCASTLE 
Department of Civil Engineering 
Cassie Building 
University of Newcastle 
Newcastle upon Tyne NEI 7RU 
United Kingdom 
Head of Department 
Professor BG Clarke 
A QUESTIONNAIRE TO INVESTIGATE THE GENERAL PROBLEMS IN THE 
MAINTENANCE AND REPAIR OF CONCRETE STRUCTURES. 
Dear Respondent; 
We need your help. The information you provide is an essential part of this 
investigation that hopefully will result in useful recommendations that will help in the 
selection the most appropriate repair materials in the repair and maintenance of 
concrete structures. 
The aim of this investigation is to determine general impairment problems currently 
found in the concrete structures in order to assess and accurately diagnose the cause of 
a damaged concrete, and then provide useful recommendations about a satisfactory 
repair process with selection of adequate and durable repair materials and techniques 
in a given situation. 
Please, take the time to complete the enclosed questionnaire and also try to comment 
whenever you have a view. Please, send your completed questionnaire using the 
enclosed self-addressed envelope as soon as possible. This form contains an 
identification number that will be used for follow-up purpose only. 
Thank you very much for your assistance. We care about what you think. 
Yours sincerely; 
F. Moodi 
Researcher Questionnaire {) 
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Section (A) Personal Details 
QA1 Name: ............................. 
Current Position: ..................................... 
QA2 Please indicate the main products which you have produced for repair 
materials of concrete structures: 
0 Admixtures 
[I Resins 
" Polymer Emulsions 
" Others (Please specify): 
0 ..................................... 
El Grout 
0 Prepacked Cementitious 
0 Pozzolanic Materials 
................................. 
................................. 
QA3 For how many years have you produced repair materials for concrete 
structures? 
0-5 C3 5-10 [3 10-20 C3 Over 20 
Section (ID) Company Policy 
QB1 Please indicate whether your company is a member of the following 
associations. 
o CRA (The Concrete Repair Association) 
ci FeRFA (The Federation for the Repair & Protection of Structures) 
" ICRI (International Concrete Repair Institute) 
" Others (Please specify): .................................................................... 
0 .......................................................................................................... 
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QB2 Does your company carry out the quality control on repair materials? 
Yes 0 No 
If yes, how often? 
(Please specify): ........................................................................... 
..................................................................................................... 
..................................................................................................... 
QB3 Please specify the standards which your products confirm to? 
B. S. 
ACI 
0 Others(Plcasc specify): ............ 
0 ................................................ 
0 ASTM 
[3 Canadian Code 
cl .......................... 
cl .......................... 
QB4 Please specify whether your products have a special certificate such as 
ISO 9001, BSI, etc. 
........................................................................................................ 
........................................................................................................ 
QB5 Does your company use the services of consulting engineers with 
respect to your products? 
0 Yes Cl No 
If yes, please specify: 
.......................................................................................................... 
* ** **** * *** ******* ** *** ** * 
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Section (C) Repair Materials - General 
QC1 Do you think that the current repair systems for concrete structures are: 
Suitable and adequate. 
Inadequate and in need of improvement. 
QC2 Are you aware of any specific problems in the repair and maintenance 
of concrete structures? 
0 Yes El No 
If yes, what are these problems? 
QC3 Are you aware of the techniques which are applied for repair of 
concrete structures? 
Yes c3 No 
If yes, what are these techniques? 
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QDI 
QD2 
QD3 
Section ffl) Repair Materials - Records 
Please specify how often you represent your products to owners, 
consultant engineers and contractors 
[] Leaflet 
[I Intemet 
11 ........................................... 
[] Catalogue 
C3 Others (please specify): ............. 
11 ................................................... 
Are there any technical records which show the properties of your 
materials as reported by some contractors and consulting engineers? 
0 Yes Cl No 
If yes, how should such records be used? 
Do you know whether there is any database of repair materials which 
are produced in U. K.? 
Yes ONO 
If yes, where is it? 
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QEI 
QE2 
Section (LE) Repair Materials - Products 
In your opinion, what are the factors that might affect the selection of 
repair materials? 
The list below sets out various kinds of polymers which are often used 
in Polymer Portland Cement Concrete (PPCC). Please identify the 
polymers which your company uses/produces: 
0 Others(Please specify): ............. 
............................................ 
0 Acrylic Latex 0 Epoxy Latex 
0 Polyvinyl Acetate 0 Vinyl Acetate Ethylene (VAE) 
0 Styrene-Butadiene Rubber (SBR) 0 Co-polymer Latex 
0 Natural Rubber 0 PolyMethylMethacrylate(PMMA) 
0 Styrene-Acrylic 0 Magnesium-Phosphate Modified 
11 ............................................. 
............................................. 
QE3 The list below sets out various kinds of polymers which are often used 
in Polymer Concrete (PC) and Polymer Impregnated Concrete (PIC). 
Please identify the materials which your company uses/produces: 
0 Acrylic 
[] Polyurethances 
" Polyesters 
" Epoxies 
[]Others (Please specify): ........... 
11 ................................................ 
(D Low viscosity Polyester 
[3 Low viscosity Epoxy Resin 
[] Methyl Methacrylate (MMA) 
0 Polyester Styrene Co-polymer 
0 ................................................ 
13 ................................................ 
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QE4 The list below sets out various kinds of cementitious materials which 
are usually used in Shotcrete, Gunit and Patch repair. Please identify 
the materials which your company uses/produces: 
0 Ordinary Portland Cement 
0 fEgh Alumina Cement 
[I Microsilica(Condensed Silica Fume) 
0 Cement Grout 
0 Diatomite 
cl .................................... 
0 Pulverised Fly Ash (PFA) 
0 Blast-Furnace Slag-Cement 
[3 Flowing Concrete 
C] Trass 
[I Others(Please specify): ....... 
13 ............................................ 
................................... 
........ 
0 
............................... o. 
Section (]E) Repair Materials - Miscellaneous 
QJFI 
QF2 
In your opinion, would it be imperative to consider the compatibility of 
the repair materials with each other and with the existing concrete? 
0 Yes No 
Commcnt: 
............................................................................................. 
The list below sets out various factors which have affected the 
compatibility of repair materials and existing concrete. Please identify 
what you think are the most important factors: 
C1 Compressive Strength 
Tensile Strength 
Flexural Strength 
C] Shear Bond Strength 
[I Drying Shrinkage 
[3 Alkali Content 
0 C3A Content 
0 Humidity in Concrete 
0 Chloride Content 
0 Permeability 
Counts 
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0 Thermal Expansion 
[I Creep and Fatigue 
0 Modules of Elasticity 
D Others (Please specify): ............ 
................................... 
Cl Concrete-Repair Bond 
cl Corrosion 
[I Geometry of Section 
0 ................................. 
0 ................................ 
QF3 Would you please, send us a copy of any specification source (leaflet, 
catalogue, diskette, etc. ) for materials produced by your company? 
QF4 
QFS 
Do you want to receive a copy of the results of this study? 
Yes [I No 
Would you like to add any further comments? 
We are very grateful indeed for your help. Please return the completed questionnaire 
in the self-addressed envelope provided: 
Mr. F. Afoodi, 
Cassie Building, roont 201 G, 
Civil Engineerin,,, - Department, 
University ofA"e)vcastle upon Tyne, 
Newcastle upon Tyne, NE1 7RU 
Tel: 0191-222 5456 
Fav 0191-222 6502 
E-mail: Farnmarz. M. oodi(q-tcI. ac. uk Questionnaire II 
